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Preface 


The phenomenon of adhesion plays a crucial role in modem operative and pre¬ 
ventive dentistry. Adequate adhesion between dental tissues and restorations is sine 
qua non for satisfactory performance of restorations. On the other hand, in den¬ 
tal sciences adhesion can be bete noire as it can lead to biofilm formation with 
concomitant undesirable effects, e.g., gingival problems, halitosis, tooth decay and 
periodontal complications. So an understanding and control of adhesion in the oral 
milieu is of cardinal importance. 

Even a cursory look at the literature will evince that in past decades there has 
been tremendous interest and high tempo of research activity in the arena of dental 
adhesion and much effort has been devoted to ameliorating the existing adhesives or 
devising new and improved adhesive products and techniques. Adhesive dentistry 
has numerous applications in cariology, prosthodontics, implantology, orthodontics 
as well as in aesthetic dentistry — in essence in comprehensive dental care. The 
current developments in adhesive techniques for soft tissues and also some slow- 
releasing agents have expanded applications to endodontics, periodontology and 
maxillo-facial surgery as well. Clinicians and researchers are fully aware of such 
modem motto which is based on m in im a l invasive dentistry and adhesive tech¬ 
niques: “Seal is the deal”. The concept “adhesive dentistry” is profoundly changing 
the practice in dentistry and all signals indicate that interest in adhesive dentistry 
will continue unabated. 

In light of the importance and wide-ranging applications and implications of 
adhesion and adhesives in dentistry, we decided to make this book available as a sin¬ 
gle and easily accessible source of comprehensive information. This book is based 
on the Special Issue of the Journal of Adhesion Science and Technology ( JAST ), 
Vol. 23, Nos 7-8 (2009). The papers as published in the above-mentioned Issue 
have been re-arranged and grouped in a more logical fashion in this book. 

This book containing a total of 19 papers (reflecting overviews and original re¬ 
search) and covering many ramifications of adhesion in dentistry is divided into 
three parts. Part 1: Adhesion and Bonding Aspects; Part 2: Mechanics and Dura¬ 
bility Aspects; and Part 3: Adhesion Testing. Topics covered include: adhesion to 
intraradicular dentin; resin-based composite restorations; bonding resins to dental 
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viii 

ceramics; surface treatments to improve adhesion of resin composites, including use 
of silanes; biomechanical response of dental prosthesis; bond-disruptive stresses; 
thermocycling effects on resin bond; adhesion strength testing; dentin bond strength 
testing; adhesive test methods used in dentistry. 

It is quite patent that many aspects of adhesion and adhesives in dentistry are 
accorded due coverage in this book; concomitantly, this book represents a compre¬ 
hensive treatise on this fascinating topic with societal implications. Moreover, this 
book, containing bountiful information, reflects the cumulative work and wisdom of 
many (about 50) world-renowned researchers and practitioners and thus should be 
of interest to anyone interested/involved in any aspects of dentistry. We further hope 
this book will serve as a fountainhead for new research ideas and new application 
vistas will emerge as new adhesive materials and techniques become available. 
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Abstract 

Luting fiber posts to intraradicular dentin remains an unpredictable goal due to various clinical factors 
influencing the clinical procedure. Primarily differences can be found between bonding to coronal or to 
intraradicular dentin due to the different histological characteristics of the substrates, the high C-factor of 
the endodontic space, the presence of smear layer due to the post preparation technique, incompatibility 
between some adhesive systems and resin-based cements, and finally the limited access of the post space 
that may lead the clinician to different mistakes. Thus this article critically evaluates all aspects that may 
jeopardize the adhesion of luted fiber posts within the endodontic space, suggesting the use of standardized 
techniques that improve immediate adhesion and stabilize the adhesive interface over time. 

The review of the data currently available in peer-reviewed journals suggests that a strict following of 
a step-by-step clinical standardized technique allows the clinician to minimize bond failure and obtain a 
clinically reliable durable bond. 

Keywords 

Dentin, adhesion, dental bonding systems, fiber posts 


1. Introduction 

Adhesion is a complex phenomenon involving physical and chemical mechanisms 
that allows attachment of one material to another. The bonding systems allow re¬ 
sistance to separation between the substrate and the adhesive and stress distribution 
along the adhesive interface [1]. In addition, and pivotal for all dental restorations, 
adhesion means the possibility to properly seal the interface between the cavity and 
the restorative material, thus reducing the risk of post-operative sensitivity, marginal 
staining and recurrent caries [2], 
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The modern concepts of adhesive dentistry started a long time ago with the pi¬ 
oneering studies of Dr. Buonocore that revealed how etching with phosphoric acid 
could increase bond effectiveness, in terms of either bond strength or sealing abil¬ 
ity [3]. As the first adhesives were mainly based on bisphenol glycidyl methacrylate 
(Bis-GMA) [4], the bonding system was extremely hydrophobic (i.e., no compati¬ 
bility with water) and, thus, no adhesion was possible with the dentin tissue since 
it is an intrinsically wet substrate. Later on the development and the incorporation 
within the adhesive systems of more hydrophilic monomers, such as 2-hydroxyethyl 
methacrylate (HEMA), allowed adhesives to bond also to dentin [5]. The possibility 
of the dental adhesives to tolerate water is extremely important, particularly after 
the introduction of the total etch technique (i.e., simultaneous etching of enamel and 
dentin that removes smear layers and smear plugs funnelling the tubule orifices) [6] 
since relatively large amount of water permeates throughout the dentin thickness 
wetting the cavity surface [7], 

Despite major simplifications in dental adhesion, bonding to intraradicular dentin 
remains an unpredictable goal due to various clinical factors influencing the proce¬ 
dure. In particular, several differences can be found between bonding to coronal and 
to intraradicular dentin due to the relative limited access of the post space that may 
lead the clinician to different mistakes, finally jeopardizing the adhesion [8]. Thus 
there is a need for a standardized step-by-step procedure that should be applicable 
also within the endodontic space. 


2. Dental Bonding Systems and Classification 

Dental bonding systems are resin blends possessing both hydrophilic and hydropho¬ 
bic properties, thus, named amphiphilic. In other words, adhesives are compounds 
containing both hydrophilic monomers that allow bonding with the tooth structure, 
as well as hydrophobic monomers contributing to coupling with the restorative ma¬ 
terials or resin-based cements. 

From a physical perspective, bonding is a relation between the free energy of the 
tooth surface and the wetting ability of the adhesive solution [9]. If the adhesive 
cannot wet the substrate, no adhesion can occur. The adhesion process involves 
enhancing the surface free energy of the tooth structure with an acidic solution (e.g., 
etching) so as to reduce the contact angle with the bonding solution that should also 
contain a surfactant agent (e.g., primer) to allow proper wetting of the substrate [10]. 

Despite their different formulations, all adhesive systems involve three cardinal 
steps which are considered as pivotal in establishing a durable adhesive interface: 
(1) etching, (2) priming and (3) bonding [2], The etching involves an acidic solu¬ 
tion that demineralises the enamel/dentin surface thus increasing their surface free 
energy. The primer is composed of a mixture of hydrophilic monomers and sol¬ 
vents aiming to allow the wettability of the tooth surface and to permit substitution 
of the water retained within the substrate with the resin monomers. The bonding 
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agent contains the hydrophobic part of the system that allows coupling with the 
resin-based restorative materials or the resin cements. 

Adhesive systems interact with the dentin tissue following two different strate¬ 
gies: they can remove the smear layer (etch-and-rinse technique) or maintain it as 
the substrate for bonding procedure (self-etch technique) [2], The etch-and-rinse 
strategy is characterized by the application of a preliminary and separate etching 
step (usually with a gel of 35-37% phosphoric acid) that is later rinsed away. Con¬ 
versely, the self-etch approach refers to the application of an etchant/primer solution 
that is only air-dried, thus, also named ‘etch-and-dry’ [11], As no rinsing occurs af¬ 
ter etching, the acidic compound of the self-etch system remains entrapped within 
the modified smear layer and the acid is buffered by the mineral released from the 
substrate [12, 13]. The other steps such as priming and bonding can be separate or 
combined, depending on the adhesive formulation. If the bonding agent is combined 
with the primer (for the etch-and-rinse technique) or with the self-etching/primer 
agent (for the self-etch technique) the adhesives are considered as ‘simplified’ [14], 

As all adhesives contain etching, primer and bonding agents in their formulations 
[2], a classification based on the number and combination of the steps constituting 
the adhesive system is proposed. Thus we can identify four different classes (Ta¬ 
ble 1): 

1. Etch-and-rinse, three-step: adhesive systems characterized by the sequential 
application of etching, primer and bonding agents as separate and individual 
solutions (Fig. 1). 

2. Etch-and-rinse, two-step: simplified adhesive systems characterized by the use 
of a combined primer and bonding agents that is applied on the tooth surface 
after removal of the etching agent. 

3. Self-etch, two-step: adhesive systems characterized by a self-etching primer 
that is dried on the tooth surface, followed by a separate hydrophobic bonding 
agent (Fig. 2). 

4. Self-etch, one-step: simplified adhesive systems characterized by a combination 
in a single application solution of the etching/primer/bonding agents. These ex¬ 
tremely simplified adhesive systems can be formulated as ‘one-bottle’ systems 
or, alternatively, in ‘multi-bottle’ systems mixed only prior to the clinical appli¬ 
cation. 

When the dentin tissue is instrumented, a smear layer is created on top of the 
dentin surface [15]. The smear layer is removed by etch-and-rinse adhesive sys¬ 
tems during the etching and the following water rinsing and then the sound dentin 
is surface-demineralized [16]. Since the peritubular dentin is highly mineralized, the 
use of the etching agent opens the tubules funnelling their orifices and removing all 
residual smear plugs [17]. The intertubular dentin is demineralized to only a few 
pm in depth, depending on acid concentration, gel formulation, time and mode of 
application (e.g., a continuous brushing technique enhances demineralization) [18], 
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Figure 1. Hybrid layer and resin tag formation created by an etch-and-rinse adhesive system bonded 
to intraradicular dentin (light microscopy image lOOx). 



Figure 2. Low magnification view of a self-etching adhesive system bonded within the root canal 
(SEM image 500x). 

The removal of the mineral phase from dentin surface allows to expose the dentin 
organic matrix, which is constituted by an intricate network of type I-collagen fib¬ 
rils (90% of the organic matrix) [19] and other non-collagenous proteins, such as 
proteoglycans, lipids and enzymes [20]. The resin monomers (primer and bonding 
agent of the adhesive system) should then fully infiltrate this delicate network of 
demineralized collagen fibrils, creating the so-called hybrid layer [21]. The bond 
established by the etch-and-rinse adhesive systems relies only on micromechanical 
retention between the demineralized dentin matrix and the polymerized adhesive 
system [22], The penetration of the adhesive into the funnelled dentin tubules cre¬ 
ates the so-called resin tags [23], particularly extended when the adhesive is applied 
in endodontically treated teeth since no adverse pulpal pressure is present. Although 
resin tags have been morphologically described by several researchers, their active 
role in adhesion is controversial as bond strength value is reduced in deep dentin 
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where most of the substrate is represented by dentin tubules [24], confirming that 
the hybridization of the intertubular dentin is critical for adhesion [25]. 

When self-etch adhesive systems are used, the smear layer is only partially de¬ 
mineralized, depending on the pH and pKa of the etching acidic solution. In relation 
to the etching ability of the adhesives, self-etch systems are classified as mild, inter¬ 
mediate and strong [2], Strong self-etch adhesives are able to completely dissolve 
the smear layer (i.e., similar to the etch-and-rinse strategy) [26], while intermediate 
to mild systems modify the smear layer and demineralize the dentin matrix leaving 
residual hydroxyapatite crystals on the collagen fibrils providing additional chemi¬ 
cal bond with adhesive monomer [27], that cannot be obtained with etch-and-rinse 
adhesives since they fully demineralize the collagen. 

While self-etch adhesive systems are characterized by a simultaneous demineral¬ 
ization and infiltration (due to the combination of the primer with the etching agent), 
impregnation of etch-and-rinse monomers occurs after demineralization. For this 
reason, etch-and-rinse systems (mainly two-step systems where primer and bonding 
agent are combined) should be applied on wet dentin to maintain large interfibril- 
lar spaces between the demineralized collagen fibrils, thus facilitating monomer 
impregnation [28]. The solvent of the bonding agent (usually ethanol, water or ace¬ 
tone) acts as a carrier for the resin monomer that enhances the substitution of the 
residual dentin water. The air-drying that follows the primer/bonding agent appli¬ 
cation permits solvent evaporation, leaving the resin material within the collagen 
network, the bonding agent co-polymerizes with the primer creating a hydrophobic 
surface that can be polymerized and then coupled with the resin-based material or 
with the resin-based cement. 

3. Substrate: Intraradicular Dentin 

The analysis of the radicular portion allows to identify pulpal tissue, predentin 
and mineralized dentin surrounded by cement tissue. Predentin is a layer of un¬ 
mineralized organic matrix that lines the innermost pulpal portion and may greatly 
vary in thickness but still remaining constant during aging since the amount that cal¬ 
cifies is balanced by the addition of newly secreted organic matrix [29]. The synthe¬ 
sis of predentin begins with the production of large-diameter collagen fibrils (called 
von Korff’s fibres) by the odontoblasts, mainly consisting of type Ill-collagen fibrils 
[30, 31]. Predentin and dentin are in direct and dynamic contact as the odontoblasts 
produce type I-collagen fibrils and proteoglycans by extending their processes into 
the forming extracellular matrix starting dentinogenesis. These forming structures 
of un-mineralized organic components will constitute the dentin organic matrix 
which represents approximately 30% in volume of the mineralized sound dentin. 
The remnants of the dentin tissue are composed of water (approx. 20%) and miner¬ 
als such as apatite [19]. 

As predentin is removed by the instrumentation of the pulpal tissue due to the 
endodontic treatment (associated with sodium hypochlorite rinses) followed by 
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the use of calibrated burs to prepare the post space, the substrate for any adhe¬ 
sive luting procedure within the roots is represented by mineralized intraradicular 
dentin [32], Several studies investigated composition and structure of the intraradic¬ 
ular dentin, and major differences in bond strengths between intraradicular and 
coronal dentin were demonstrated and only minor morphological and biochemi¬ 
cal differences were reported. Similar to coronal dentin, intraradicular dentin is a 
non-homogeneous tissue characterized by the presence of tubules extending from 
the pulp to the tooth periphery [32], For this reason the intraradicular dentin tissue 
can be classified in peritubular and intertubular depending on the density and distri¬ 
bution of the tubules. Peritubular dentin is characterized by the presence of a collar 
of hyper-mineralized tissue and low content of type I-collagen fibrils; conversely, 
the intertubular dentin is mainly composed of mineralized type I-collagen fibrils 
[17]. As the number of tubules greatly diminishes toward the apical region of the 
intraradicular dentin, the ratio between peritubular and intertubular dentin greatly 
varies from the apical to the coronal third [32, 33]. Moving toward the apex, the 
substrate modification will induce changes in the impregnation pattern of the ad¬ 
hesive system, thus reducing peritubular dentin infiltration and resin tag formation, 
while increasing intertubular dentin impregnation [34]. Since it is well known that 
resin tags contribute only minimally to bond strength [25], the greater amount of in¬ 
tertubular dentin available for hybridization should potentially lead to higher bond 
strength in the apical rather than in the coronal third of the root canal [32], However, 
the overwhelming majority of the studies report that bond strength to intraradicu¬ 
lar dentin decreases from the coronal to the apical third of the root canal and it 
has been shown that the thickness of the hybrid layer is significantly reduced in 
the apical third. The thinning of the hybrid layer observed by some authors toward 
the apex was considered as responsible for the lower bond strength due to reduced 
impregnation of the adhesive system at this level of the root canal [32], However, 
this issue is still controversial as some studies reported similar or increased bond 
strength closer to the apical region showing no differences in terms of thickness of 
the hybrid layer (Table 2). 

As both the thickness of the hybrid layer and the morphology of the resin tags 
(determined by the substrate) have been recently shown to contribute minimally to 
the bond strength, we may conclude that the reduced bond strength reported in most 
of the studies on the intraradicular dentin compared to the coronal dentin might 
probably be attributed to other factors instead of the substrate morphology, such as 
the high C-factor of the endodontic space and the difficulty in clinical handling due 
to the limited endodontic space. 

4. Clinical Procedures — Factors Affecting Bonding to Intraradicular Dentin 

A fundamental prerequisite for adhesion to intraradicular dentin is represented by 
the ability of the clinician to obtain a perfectly clean post space as the use of sodium 
hypochlorite rinses, EDTA, endodontic cements, gutta-percha, or other endodontic 
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Table 2. 

Studies reporting bond strength values to intraradicular dentin 


Coronal third > apical third 

Coronal third ^ apical third 

Coronal third < apical 
third 

Yoshiyama et al., J. Dent. 1998 

Yoshiyama et al., J. Dent. 1996 

Gaston et al.. 

Bouillaguet et al.. Dent. Mater. 2003 

Burrow et al. Am. J. Dent. 1996 

J. Endodont. 2001 

Goracci et al., Eur. J. 

Aksommuang et al.. 

Mannocci et al.. 

Oral Sci. 2004 

J. Dent. 2004 

Dent. Mater. 2004 

Perdigao etal.,Am. J. Dent. 2004 

Foxton et al.. 

Muniz and Matias, 

Bolhuis et al.. Quintessence Int. 2004 
Mallmann et al., Oper. Dent. 2005 
Bolhuis et al., Oper. Dent. 2005 

Kalkan, J. Prosthet. Dent. 2006 

Perez et al., Int. J. Prosthodont. 2006 
de Durao Mauricio et al., 

J. Biomed. Mater. Res. 2007 

Perdigao et al.. Dent. Mater. 2007 
Perdigao etal., J. Prosthodont. 2007 
Faria Silva et al., J. Endodont. 2007 
Boff etal.. Quintessence Int. 2007 
Wang et al.. Dent. Mater. 2007 
Ohlmann et al., J. Dent. 2007 

J. Oral Rehabil. 2005 

Ngoh etal., J. Endodont. 2001 
Kanno et al. 

Dent. Mater. J. 2004 

Foxton et al., Oper. Dent. 2003 

Oper. Dent. 2005 



Figure 3. Fiber-reinforced post luted into a root canal (stereomicroscopic image lOx). 

filling materials clearly modify the intraradicular dentin environment [35] (Fig. 3). 
In addition, the difficulty to control the substrate surface and to properly apply the 
adhesive and the cement inside the narrow endodontic space is evident. 

Several factors may affect intraradicular dentin: the presence and thickness of 
the endodontic smear layer, the method of post space preparation as well as several 
adverse clinical factors; in addition, the use of irrigants or medicaments during the 
endodontic treatment, the use of eugenol-based materials or bleaching agents, the 
influence of endodontic re-treatment, the possible incompatibility between different 
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resin-based materials, and geometric factors are some of the most important aspects 
that need to be clarified. 

4.1. Endodontic Smear Layer 

The theoretical goals of successful endodontic therapy are the disinfection and the 
complete obliteration of the root canal space with an inert filling material, creating 
an optimal seal with the tooth structure. The prerequisite for a tight seal is the closed 
adaptation of the filling material to the canal walls, which, however, is impaired by 
the presence of the endodontic smear layer, invariably formed after manual and ro¬ 
tary instrumentation [36]. According to its original definition, the smear layer has 
been defined as ‘any debris, calcific in nature, produced by reduction or instru¬ 
mentation of dentin, enamel or cementum’ [37], or as a ‘contaminant’ [38] that pre¬ 
cludes interaction with the underlying pure tooth tissue [1], The burnishing action of 
the cutting in struments generates frictional heat and shear forces, so that the smear 
layer becomes attached to the underlying surface in a manner that prevents it from 
being rinsed off or scrubbed away [1, 39]. The morphological features, composition 
and thickness of the smear layer are determined by the type of endodontic instru¬ 
ment used, the method of irrigation and tooth substrate at which it is formed [1,40]. 

Coronal smear layers reflect the substructure of dentine matrix composition 
while endodontic smear layer contains inorganic and organic substances that in¬ 
clude also fragments of odontoblastic process, microorganisms and necrotic ma¬ 
terial [15] (Fig. 4). Despite its different composition the thickness of smear layer 
ranges from 0.5 to 2 pm, in addition to a deeper layer packed into the dentin tubules 
to a depth of up to 40 pm, obstructing their orifices thus forming the so-called 
smear plugs (Fig. 5). The smear layer can be detrimental to effective bonding: in 
early smear layer research, non-acidic adhesives, applied without prior etching, did 
not penetrate sufficiently enough to establish a bond with intact dentin; such bonds 
were prone to cohesive failure of the smear layer [24]. 



Figure 4. SEM micrograph of smear layer created by instrumentation along the wall of the coronal 
third (lOOOx). 
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Figure 5. SEM micrograph of dentinal tubules closed by smear plugs and densely packed debris 
(lOOOx). 

As previously mentioned in the description of the adhesive systems, two bond¬ 
ing strategies are used to overcome the low attachment strengths of the smear layer. 
With the etch-and-rinse approach the use of the etching followed by extensive rins¬ 
ing removes the smear layer prior to the bonding, while in the self-etch approach 
the smear layer is only modified beforehand and it is incorporated within the hybrid 
layer complex [2, 26]. The more acidic and aggressive the conditioner, the more 
completely the smear layer and smear plugs are removed [41]. 

Within the root canal, dentin surfaces covered with debris and remnants of pulp 
tissue are not likely to achieve effective bonding [35, 42], because the endodontic 
smear layer acts as a barrier significantly influencing any adhesive bond formed 
between the instrumented canal walls and the restorative material [2], as well as 
the resin cementation of fiber posts. Although there is some controversy regarding 
the desirability of retaining smear layer in adhesive dentistry, in endodontics, its 
removal is considered to be advantageous and highly desirable [43]. The endodontic 
smear layer, in fact, may be infected and may protect the bacteria already present 
in the dentinal tubules; because of these concerns, one may deem it prudent to 
remove the initially infected root canals and to allow penetration of intraradicular 
medications into the dentinal tubules [44]. In addition to the reduced penetration 
of root canal medicaments, several studies have reported also a better adhesion of 
obturation materials after removal of the smear layer [45] and the penetration depth 
wi t hin the dentinal tubules of different sealers is also consistently increased (by 
10-80 pm) once the smear layer is removed [44, 46]. 

4.2. Post Space Preparation and ‘Secondary’ Smear Layer 

In addition to the ‘traditional’ smear layer produced by manual or rotary instrumen¬ 
tation of the root canal walls, the subsequent preparation of the post space using 
post drills resulted in an additional and even thicker smear layer composed of de¬ 
bris and sealer/gutta-percha remnants that significantly influenced the adhesion of 
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Figure 6. SEM micrograph of smear layer along the root canal walls (600 x). 

fiber posts [43] (Fig. 6). In fact, the action of the drills used to remove the root¬ 
filling material to create post space produces a new smear layer rich in sealer and 
gutta-percha remnants that are plasticized by the frictional heat of the drill and this 
may d im inish the penetration and chemical action of the agents used to bond fiber 
posts. In addition, only minimal irrigation can be performed inside the endodontic 
canal. Thus, achieving clean dentinal surfaces after mechanical post space prepara¬ 
tion seems to be a critical step for optimal post retention, in particular, when resin 
cement is used [47]. It has been reported that the use of phosphoric acid after post 
space preparation resulted in discontinuous areas of deep intertubular demineral¬ 
ization alternating with areas characterized by open tubules and other areas covered 
by debris, smear layer and gutta-percha and/or sealer remnants as the result of an 
incomplete chemical dissolution during the etching procedure, due to the penetra¬ 
tion into the dentinal tubules of the sealer and the plasticized material during the 
condensation procedure [48]. 

To increase retention when resin cement is used, some authors suggested a pre¬ 
treatment with a chelating agent and sodium hypochlorite before post cementation 
in order to efficiently remove the large areas that are not available for bonding and 
resin cementation of fiber posts [49]. Others authors suggested also the use of ultra¬ 
sonic instrumentation in conjunction with EDTA pre-treatment prior to the bonding 
procedure, resulting in a decrease of debris and open tubules [48]. Although the 
removal of this tenacious and thick smear layer is enhanced by the suggested com¬ 
bination of EDTA and ultrasonic instrumentation (Fig. 7), the effectiveness in terms 
of interfacial post bond strength is still related to the bonding strategy selected, i.e., 
the etch-and-rinse or the self-etch approach [50]. 

4.3. Negative Clinical Factors 

Besides the success of the root canal treatment, a successful final restoration is 
mandatory for long-term clinical success. Extensive loss of tooth structure may 
require post core restoration of a root canal filled tooth. However, in these systems, 
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Figure 7. SEM micrograph of the intraradicular dentin substrate after EDTA irrigation and ultrasonic 
instrumentation (lOOOx). 

lack of adhesion permits apical or coronal microleakage that causes failure of root 
canal treatment [51]. For this reason, effective adhesion to intraradicular dentin is 
a fundamental prerequisite to achieve the proper sealing of the endodontic space. 
However, adhesion to intraradicular dentin may be affected by several factors: the 
use of certain disinfectant solutions or medications during root canal preparation 
may have an adverse effect on the bond strength of post to root canal dentin [52] as 
well as bleaching and re-treatment procedures [42]. 

4.4. Irrigating Solutions and Medicaments 

During irrigation, radicular and coronal dentins are exposed to various solutions 
used to disinfect the endodontic space. As previously mentioned, this may cause 
alterations on the dentin surface affecting its interactions with the resin-based ma¬ 
terials used either for root canal obturation or for coronal restoration [53]. 

The effect of some chemicals, such as EDTA and NaOCl, on dentin has been 
widely investigated [52-55]. Theoretically, NaOCl is an ideal endodontic irrigant, 
however, despite positive effects, NaOCl causes problems when used in conjunc¬ 
tion with resin-based materials due to its strong oxidizing property. NaOCl leaves 
a dentin surface characterized by an oxygen-rich layer that can significantly re¬ 
duce bond strength and increase microleakage [52, 54, 55] (Fig. 8). Thus, if resin 
cements are used to lute endodontic posts, it is important to optimize clinical proce¬ 
dures that result in high bond strength between the adhesive and dentin and between 
the resin-based material and the post. In this way, adhesion to intraradicular dentin 
can be favourably influenced with a 10% ascorbic acid and 10% sodium ascorbate 
after NaOCl irrigation as this additional step has been shown to completely reverse 
the compromised bond obtained on 5% NaOCl-treated dentin [54]. Interestingly, 
10% sodium ascorbate (pH 7) has been reported to be effective and even better than 
10% ascorbic acid (pH 4) at restoring high bond strengths to NaOCl-treated dentin, 
thus, suggesting that ascorbate acts as a reducing agent. It is likely that the oxidizing 
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Figure 8. SEM micrograph of the root canal dentin after the use of 5% NaOCl endodontic irrigant 
(lOOOx). Tubules appear partially obliterated by smear plugs, the smear layer seems almost com¬ 
pletely dissolved. 


action of NaOCl leads to residual free oxygen within the dentin matrix that may crit¬ 
ically interfere with the initiation of the interfacial polymerization of resin cements, 
leading to lower bond strengths [54], According to Morris et al. [54], by treating 
dentin with 10% sodium ascorbate, the intraradicular dentin substrate is converted 
from an oxidized to a reduced surface, speculating that this treatment restores the 
redox potential of the dentin and facilitates the polymerization of the resins. 

Besides NaOCl and EDTA, the use of hydrogen peroxide (H 2 O 2 ) during canal 
instrumentation effectively removes remnants of pulp tissue and dentin debris, al¬ 
though the use of 3% H 2 O 2 solution has been reported to negatively influence bond 
strength of resin cement to root canal dentin [51,52,56]. Hydrogen peroxide breaks 
down to water and oxygen thus inducing liberation of oxygen by the chemical reac¬ 
tion of hydrogen peroxide with sodium hypochlorite. Oxygen from such chemicals 
causes strong inhibition of the interfacial polymerization of resin bonding material 
[56, 57]. After the use of 3% H 2 O 2 alone or in combination with NaOCl, residuals 
of the chemical irrigants and their products are likely to diffuse into dentin along 
the tubules, contaminating the dentin surface, which may affect the penetration of 
resin monomers into the dentin structure or the polymerization of the monomers 
within the demineralized dentin: this is believed to decrease bond strength to dentin 
[51,56], 

Reduction in resin bond strength to root dentin is reported to be produced also 
after the use of RC-Prep (Premier Dental Products, Plymouth, PA) as gliding and 
demineralizing agent [54]. It has been described that this reduction is the result of 
concurrently contributing factors. Primarily, the presence of hydrogen peroxide in 
RC-Prep, that breaks down to oxygen and water during bonding procedure, might 
generate bubbles or voids altering the resin infiltration process as reported also for 
bleaching agents and 3% H 2 O 2 alone or if used in combination with NaOCl [56, 
58], On the other hand, RC-Prep contains in its formulation the poly(ethylene gly- 
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col) (PG) vehicle (Carbowax®) to provide lubricating properties which might be 
difficult to be rinsed off, thus interfering with the polymerization process and pre¬ 
venting a complete polymerization of the resin. However, a plausible restoration of 
the bond strength to control values can be achieved with a post RC-Prep treatment 
with 10% ascorbic acid [54], 

An additional side effect of these intraradicular irrigating solutions is the signif¬ 
icant reduction in microhardness of the root canal dentin walls. Sodium hypochlo¬ 
rite, hydrogen peroxide, EDTA all decreased the microhardness value of root dentin 
[53, 59]. This reduction after irrigation indicates direct effects of the chemical solu¬ 
tions on the components of dentin structure. Although the relative softening effect 
exerted by chemical irrigants on the dentinal walls could be of clinical benefit as it 
permits rapid preparation and facilitates the access to small and tight root canals, 
these alterations affect adhesion and sealing ability of the sealers to the softened 
chemically treated dentin surfaces [53, 59]. Based on these observations the use of 
0.2% chlorhexidine gluconate has been proposed as an irrigating solution to provide 
optimal obturation due to its harmless effect on the microhardness and roughness 
of root canal dentin [59]. Additional positive effects are attributed to chlorhexi¬ 
dine supporting its use as a widely effective irrigating solution during endodontic 
procedures: higher bond strength compared with other irrigants [51], more effec¬ 
tiveness, more residual antibacterial effect and lower toxicity compared to 5.25% 
NaOCl with similar clinical timing required to eliminate all microorganisms [60, 
61]. Moreover, chlorhexidine absorption by dentin and subsequent release from 
dentin last for 48 to 72 h after instrumentation [62], 

Calcium hydroxide paste is sometimes placed in the root canal for its anti mi - 
crobial properties and other desirable effects between endodontic appointments. 
Moreover, as the complete removal of calcium hydroxide before the obturation is 
almost impossible, residual particles might interfere with bonding in some areas by 
acting as a physical barrier [63, 64]. In addition, due to its high pH, calcium hy¬ 
droxide may also neutralize the self-etching/primer solutions of self-etch adhesives 
significantly reducing its etching effect, resulting in lower bond strength. 

4.5. Eugenol 

It is well known that eugenol negatively affects the resin polymerization process 
thus altering the bonding effectiveness. Sealers and temporary restorative materials 
such as zinc oxide eugenol contain eugenol in its formulation. The eugenol released 
from these products can permeate dentin [65] and further interact with resin-based 
restorative materials. As other phenolitic compounds, eugenol is a radical scavenger 
that inhibits the polymerization of resin-based materials [66]. The negative chemi¬ 
cal reaction involves the hydroxyl group of the eugenol that tends to protonize the 
free radicals formed during the polymerization of resin-based materials, thereby 
blocking their reactivity and reducing the degree of conversion of these materials 
[67, 68]. 

In order to avoid the sub-optimal polymerization and the related reduced bond 
strength due to the use of an eugenol-based sealer (or temporary material), a me- 
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chanical cleaning of the canal walls involving scrubbing with a detergent or alcohol 
to remove all visible signs of residual material has been proposed [69, 70]. This 
procedure may help to remove an oily layer debris before performing the bonding 
procedure [42], 

The use of 37% phosphoric acid as etching agent for most of the etch-and-rinse 
adhesives has been reported to only incompletely remove remnants of the temporary 
restoration [71]; however, the phosphoric acid pre-treatment e li minates the conta¬ 
minated smear layer and results in the dem in erali z ation of dentin to a depth of 
9-10 pm [72], This depth of demineralization and the water rinsing after etching re¬ 
duces the amount of free eugenol and temporary restoration remnants on the dentin 
surface [66], Studies have, in fact, demonstrated that the three-step etch-and-rinse 
adhesive systems allow better and more effective bonding to eugenol contaminated 
dentin surface compared to the self-etch approach due to the non-removal of the 
eugenol debris entrapped within the smear layer [66, 73]. 

Therefore, in daily clinical practice when posts are placed after the use of 
eugenol-based sealer or eugenol-based temporary materials, the clinicians should 
prefer the use of an etch-and-rinse adhesive system, as self-etch systems incorpo¬ 
rate the eugenol-rich smear layer into the hybrid layer rather than removing it [42]. 

4.6. Bleaching 

Tooth discoloration due to endodontic reasons is a severe problem in aesthetic den¬ 
tistry [74]. Although aesthetic can be improved using a variety of techniques, tooth 
bleaching is the most conservative and cost-effective alternative to enhance the ap¬ 
pearance of non-vital teeth [75]. Besides the satisfactory results, side effects of this 
therapy have been reported [76,77] including decrease of the bond strength of resin- 
based restorative materials [74], It has been reported that the lower bond strength 
after bleaching is due to the oxygen-rich surface left behind hydrogen-based perox¬ 
ide products, that significantly inhibits the polymerization of the adhesive systems 
[56,76,77]. Thus, the bond strength may be improved by replacing the final restora¬ 
tion several days after bleaching to allow the release of the residual oxygen. If 
immediate bond is needed, extended time of polymerization may reverse part of the 
polymerization inhibition [57]. 

In addition, it has been reported that a high concentration of hydrogen peroxide 
causes great decrease in dentin microhardness [78, 79]. This is an indirect evidence 
for mineral loss in the dental hard tissue, which may affect adhesion and sealing 
ability of sealers to the bleached dentin surfaces [53, 59]. 

4.7. Re-treatment 

During endodontic re-treatment procedures, radicular and coronal dentins are some¬ 
times exposed to gutta-percha solvents deposited within the root canal. Chloroform 
and, more recently, halothane are the most commonly used gutta-percha solvents 
employed for this purpose [51]. These agents are strong lipid solvents that may al¬ 
ter the chemical composition of the den t in surface and of the dentin organic matrix 
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thus affecting its interaction with resin-based materials used for restorations. The 
solvents may redeposit on the root canal surface a waxy film interfering with the 
resin-dentin bonds [51, 80] and causing significant loss of bond strength [51]. 

4.8. Incompatibility between Simplified Adhesives and Chemical/Dual-Cured 
Composites 

In response to the increasing demand in procedural simplification in the formu¬ 
lation of adhesives, the classical multi-step dentin adhesives have been replaced 
by simplified systems that are simpler, faster and more user-friendly [14]. How¬ 
ever, incompatibility between simplified adhesives (i.e., two-step etch-and-rinse 
and one-step self-etch adhesives) and chemical/dual-cured composites has been re¬ 
ported [81-84], The decrease in bond strength was inversely proportional to the 
acidity of the adhesives [83-85] and adverse chemical interaction between sub- 
optimally polymerized acidic adhesive resin monomers and the basic tertiary a mi ne 
catalyst in the composite was thought to be responsible for the observed incompat¬ 
ibility [83]. In the etch-and-rinse strategy, only the two-step process was claimed 
to show incompatibility, while the conventional three-step total etch involving the 
use of intermediate resin layer was unaffected [83, 84]. Similarly, within the self¬ 
etch bonding strategy, only one-step self-etch adhesives are incompatible with 
chemical/dual-cured composites [82], due to their more acidic content by virtue 
of the increased concentration of lower pKa acidic resin monomers, [86] which 
is responsible for the additional increased permeability shown by one-step self¬ 
etch adhesives [82], These acidic resin monomers can both react with the basic 
components (aromatic tertiary amine) of the composite, and/or create a hypertonic 
environment that osmotically draws fluid from the bonded hydrated dentin through 
the permeable adhesive layer [85, 87, 88]. Tay et al. reported that also the increased 
permeability that characterized these adhesives, due to the higher concentration of 
the ionic resin monomers, was responsible for the aforementioned incompatibil¬ 
ity [82], 

Thus, based on these observations, three-step etch-and-rinse and two-step self¬ 
etch adhesives do not show incompatibility with chemical/dual-cured resin com¬ 
posites due to the use of intermediate bonding resin layer: this additional coat of 
less acidic and less hydrophilic resin layer prevents the negative acid-base reaction 
since the composite layer does not come into direct contact with the acidic monomer 
components in the primer layer and, thus, reduces permeability of the resin-tooth 
interfaces [83, 84], 

Most clinicians generally use dual-cured adhesives for bonding to root canal 
dentin because of their ability to self-polymerize in the absence of light in deeper 
regions of post cavity. However, clinically, incompatibility of one-step self-etch 
adhesives with chemical/dual-cured composites precludes their use for indirect 
bonding procedures in such areas that are not accessible to light-activation [83]. 

For the above-mentioned reasons the use of self-etch one-step adhesives should 
be avoided, although the use of a ternary catalyst has been proposed to overcome 
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Figure 9. A fiber post luted within the root canal with all-in-one adhesive system in conjunction with 
a dual-cured resin cement. The combination of these materials results in incompatibility of curing. 

the acid-base reaction [88]. This solution has been formulated in most etch-and- 
rinse two-step adhesives with the addition of a separate bottle of activator solution 
containing ternary catalyst, and in some self-etch one-step adhesives by the incor¬ 
poration of ternary catalyst as adhesive component [88], Nevertheless, it has been 
reported that adhesive permeability still occurs when these activated adhesives are 
employed for bonding to hydrated dentin [82, 88, 89]. 

In conclusion, wi t hin the root canal the use of one-step self-etch adhesives is 
not recommended (Fig. 9) while the 2-step etch-and-rinse adhesives should be em¬ 
ployed only in association with the chemical activator in order to circumvent the 
adverse acid-base reaction although light curing still remains mandatory to obtain 
a complete adhesive polymerization, overcoming the chemical interaction with ce¬ 
ments and finally avoiding low bond strength and resin leaching. 

4.9. Cavity Geometric Factors 

The employment of methacrylate-based resin materials in endodontic focuses the 
attention also on the shrinkage stresses associated with their polymerization. Dur¬ 
ing polymerization process, the intermolecular spaces between the monomers are 
reduced generating sufficient shrinkage stresses to debond the material from dentin, 
thereby decreasing retention and increasing leakage [90]. In clinical practice, the 
polymerization phenomenon leads, in fact, to stress development, gap formation 
and potential bacterial presence at the tooth/resin material interface; however, in 
addition to polymerization shrinkage, several other factors may influence shrinkage 
stress and gap formation. Feilzer et al. reported that shrinkage stress is related to the 
cavity configuration factor (C-factor), defined as the ratio of bonded to unbonded 
surface areas of the restoration [91], and when the so-called ‘C-factor’ of a restora¬ 
tion is above a certain limit, the stress development exceeds the bond strength of the 
bonding agents present [92], The extent of shrinkage stress is, however, dependent 
also on the viscoelastic properties of the resin material: at a given polymerization 
shrinkage, the most rigid resin material will produce the highest shrinkage stress, 
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and, consequently, increase gap formation at the tooth-resin interface [93,94], Only 
if the shrinkage stress caused by the wall-to-wall contraction of the resin material 
can be relieved by sufficient elastic yielding of the surrounding materials the bond 
may survive [95], revealing that a major problem associated with endodontic bond¬ 
ing is the lack of relief of shrinkage stresses created in deep root canals [96, 97] 
which is strictly dependent on the cavity geometry and the resin film thickness [92], 
Within the root canal the cavity geometry is unfavourable, since the unbonded sur¬ 
face area becomes small as a consequence of insufficient stress relief in association 
with high probability that one or more bonded areas will pull off or debond [90]. 
Braga et al. [98], analyzing the influence of cavity dimensions on shrinkage stress 
in composite restorations, showed that the cavity depth had a stronger influence 
than diameter; thus, if we reflect these data to the endodontic cavity configuration, 
the influence on shrinkage stress is even worse. 

Similarly to bonding to root canals, the cementation of endodontic posts to 
prepared root post spaces is critical for the negative geometric factors, and was 
described by Feltzer et al. as the worst scenario in achieving gap-free interfaces 
[92]. According to Bouillaguet et al. [99], the estimated C-factor in post spaces 
may, in fact, even exceed 200, compared to the coronal restoration values that range 
between 1 and 5. More recently, Tay et al. [90], using a modelling approach, inves¬ 
tigated the geometric variables influencing root-filling bonding adhesive materials 
to canal walls revealing a negative correlation between C-factor in bonded root 
canals and sealer thickness: in addition to the C-factor, in fact, the contribution of 
the other geometric attribute, i.e., the ‘S-factor’, was taken into consideration. As 
the thickness of the adhesive layer is reduced, the volumetric shrinkage is reduced, 
which results in the final reduction in shrinkage stress (S-factor). However, it was 
concluded that the interaction of these two factors (C- and S-factor) predicts that 
bonding of adhesive root-filling material is highly unfavourable when compared to 
indirect intracoronal restoration with similar resin film thickness [90]. 

All the above-mentioned problems limit bond strength to intraradicular dentin. 
Recently, some authors hypothesized that the retention of fiber posts into root canals 
was mainly due to friction of the post itself along the cavity walls through the 
interposition of luting material [100, 101]. However, as friction occurs only after 
bonding failure, i.e., until the adhesive interface is effective, friction should not 
play a significant role in terms of post retention. Friction will improve post luting 
in case no bonding occurs at the coronal part of the abutment, otherwise, even in 
the presence of low bond strength, the post will continue to be luted to the dental 
structure due to the bonding interface with the coronal dentin until debonding of 
the radicular part of the post occurs. Friction is additionally influenced by the gran¬ 
ulometry of the luting material [102]; however, it is still unclear if a macrofilled 
cement can develop a higher ‘bond strength due to friction’ or not. 

Goracci et al. [103] investigating the effect of post luting with and without the 
employment of adhesive systems reported no statistical differences between the 
groups, and the results were mainly attributed to the limited number of samples 
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and, in particular, to the low value recorded in the study. In addition, the standard 
deviation of the two tested groups was very high, thus, the authors do not believe 
that it can be assumed that ‘retention of fiber posts is mainly due to friction’. More 
recently, Carvalho et al. [104] showed that the application of the adhesive system 
was mandatory for obtaining high bond strength to root dentin and that the use 
of unfilled bonding resins used as luting material consistently increased the bond 
strength to intraradicular dentin. The important role of unfilled resin for luting fiber 
posts was further supported by recent findings [105]. 

Considering the main types of failures reported in clinical practice (i.e., debond¬ 
ing), another important issue related to the geometric factors can be related to the 
circular shape of the posts which does not correspond to the root shape, at least in 
the oval root canals. In addition, also the post diameter should be taken into ac¬ 
count, fitting properly only the most apical part of the root canals while remaining 
usually too thin in the most coronal compartment. These two aspects determine a 
wide thickness of luting cement, which becomes the weakest part of the system un¬ 
der occlusal loading; thus, for minimizing the cement’s thickness the employment 
of ‘anatomic posts’ [106], ‘oval posts’, indirect luting procedure [107, 108], and/or 
additional smaller sizes of posts may be useful in clinical practice [109]. 

4.10. Ethanol-Wet Bonding Technique 

An ethanol-wet bonding technique has been recently proposed to improve bonding 
to dentin [110]. The original wet-bonding technique of etch-and-rinse adhesives 
requires that water originally present within the interfibrillar spaces of the colla¬ 
gen network be displaced by the polar solvents contained in these adhesives, and 
ultimately be replaced by pure resins [110]. It has been reported that by replac¬ 
ing water in the demineralized collagen matrix with ethanol, phase separation of 
the hydrophobic dimethacrylates can be prevented as they are applied to ethanol- 
saturated instead of water-saturated dentin [110, 111]. Using a macromodel of the 
hybrid layer to predict how well adhesives can bond to dentin, Pashley et al. [110] 
indicated that the ethanol-wet bonding might be superior to water-wet bonding and 
several studies evaluated the effectiveness of this technique [111-113]. 

Few investigations evaluated the effects of the ‘ethanol-wet bonding technique’ 
on luting fiber posts revealing that this procedure did not improve bond strength 
with the fiber post surface [114]; however, it can improve bond strength to in¬ 
traradicular dentin (Fig. 10). 

The main problem to employ this technique is due to the complex clinical pro¬ 
cedure based on several steps, to the instability of its component (shelf-life), in 
addition to the fact that the system is not available on the market yet. In vital teeth, 
possible pulp damages due to application of pure ethanol on vital dentin for fixing 
the collagen fibers are theoretically reasonable (thus, several in vivo studies are cur¬ 
rently ongoing to challenge the pulp effects of this technique). Although the concept 
of ethanol-wet bonding may sound radical to a clinician who may have doubts on 
the potential effects on vital pulp, Pashley et al. remarked that such a procedure was 
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Figure 10. SEM micrograph showing resin tags formed after application of an adhesive system in 
accordance with the ethanol-wet bonding technique for luting a fiber post: the length of resin tags 
exceeds 500 pm in depth (SEM 500x). 

not so different from the application of acetone-based or ethanol-based primers, as 
most of these primers may contain up to 85% ethanol or acetone [110]. Based on 
these observations, further laboratory and clinical studies are needed to test and 
further validate this procedure. 

5. Failure of the Adhesive Interface 

As clinical investigation revealed that failure of the bond occurs after some time, 
researchers recently have focused their attention on the chemical phenomena that 
occur during aging. Since the hybrid layer is a complex mixture of collagen and 
adhesive monomers, both components may be affected by aging. 

Two degradation patterns were morphologically described within the hybrid 
layer thickness after storage in water for 1 year: (1) hydrolysis of the resin from 
interfibrillar spaces and (2) disorganization of collagen fibrils [115]. These phe¬ 
nomena clearly weaken the strength of resin-dentin bond allowing leakage, mar¬ 
ginal staining, and finally failure of the adhesive interface with clinical debonding 
(Fig. 11). 

Since resin degradation is related to water sorption within the hybrid layer [116], 
resin blends characterized by low water sorption result in the formation of bonds 
that are more stable than hydrophilic adhesive systems which are prone to water 
sorption. In addition, as the hydrolytic degradation of the resin monomers occurs 
only in presence of water, adhesive hydrophilicity, water sorption and subsequent 
hydrolytic degradation are correlated [116-118]. This allowed the researchers to 
hypothesize that simplified adhesives (i.e., etch-and-rinse two-step, and self-etch 
one-step that are characterized by the presence of both hydrophilic and ionic resin 
monomers into the bonding agent) are less stable than un-simplified adhesives 
(etch-and-rinse three-step and self-etch two-step) which are characterized by the 
presence of a non-solvated hydrophobic resin coating [11, 119]. The lack of hy- 
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Figure 11. Root section with a luted fiber post after exposure to water for 6 months; after the artificial 
storage evident degradation of the hybrid layer occurred. 

drophobic characteristics exhibited by simplified adhesives has also been revealed 
by morphological evidences that their hybrid layer behaves as a semi-permeable 
membrane after polymerization, allowing movement of water throughout the inter¬ 
face [82], Recent studies also correlated adhesive permeability with its polymer¬ 
ization kinetics [120]. Interestingly, all simplified adhesives exhibited sub-optimal 
polymerization which was correlated with their high permeability to fluid move¬ 
ment due to the presence of high concentrations of hydrophilic monomers while 
un-simplified adhesives showed higher extents of polymerization that were corre¬ 
lated with less permeability to water [121]. As the extent of polymerization within 
the endodontic space may be reduced due to limited access of the tip of the curing 
light unit, the extension of curing time could be an important clinical tip suggested 
during luting of the post, in conjunction with the employment of translucent fiber 
posts: the use of posts made with translucent components permits the curing light 
to pass through. 

Similarly to resin monomers the collagen fibrils constituting the hybrid layer can 
also degrade after time contributing to the weakening of the hybrid layer structure 
[122], In fact, these extrinsic degradation mechanisms of the resin-dentin interface 
that originate in the adhesive above the hybrid layers are accompanied by intrin¬ 
sic degradation mechanisms that originate from beneath dentin hybrid layers [7], 
The recent reports of collagenolytic and gelatinolytic activities in partially dem¬ 
ineralised dentin collagen matrices [122-124] are indirect proofs of the existence 
of matrix metalloproteinases (MMPs) in human dentin. MMPs are a class of zinc- 
and calcium-dependent endopeptidases [125] that are trapped within the mineral¬ 
ized dentin matrix during tooth development [125-128]. The release and activation 
of these endogenous enzymes during dentin bonding [122] are thought to be respon¬ 
sible for the in vitro manifestation of thinning and disappearance of collagen fibrils 
from incompletely infiltrated hybrid layers in aged, bonded dentin [119, 123, 124, 
129]. Collagen degradation at the bottom of hybrid layers has been subsequently 
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confirmed in vivo in both primate [130] and human studies [131]. The involve¬ 
ment of host-derived MMPs in this degradation process has also been indirectly 
confirmed, since the application of chlorhexidine, an in hibitor of MMPs [132], to 
acid-etched human primary dentin resulted in the preservation of collagen integrity 
within the hybrid layers after the application of a simplified etch-and-rinse adhesive 
[131]. Unfortunately, a definitive cause and effect relationship between the differ¬ 
ent procedures employed in the etch-and-rinse technique and the degradation of the 
dentin hybrid layers has not been yet established. Presumably, phosphoric acid dem¬ 
ineralization could have activated the MMPs, trapped within the mineralized dentin 
[122], resulting in collagenolytic and gelatinolytic activities identified within the 
hybridized dentin. However, using fluorescein-labeled collagen enzymatic assay, it 
was found that treatment of mineralized dentin powder with 37% phosphoric acid 
gel for 15 s actually reduced the inherent collagenolytic activity of mineralized 
dentin, probably due to its high acidity (pH 0.7), that partially denatures the MMPs 
[122] causing confusion as to how dentin hybrid layers could be degraded over time. 
In a recent study Mazzoni et al. [133] revealed the potential roles of the adhesives in 
dentin proteolytic activities using a modeling approach in which the relative prote¬ 
olytic activities derived from dentin were quantified before and after the sequential 
applications of the phosphoric acid etchant and an etch-and-rinse adhesive. Within 
the limits of the study, it was concluded that simplified etch-and-rinse adhesives can 
activate new endogenous enzymes present in dentin that counteract the MMPs pre¬ 
viously inactivated by phosphoric acid-etching, providing a plausible explanation 
for both in vitro and in vivo observations of the degradation of dentin hybrid layers 
[133]. Similarly, also the less aggressive (i.e., less acidic) versions of self-etch adhe¬ 
sives were tested, highlighting the same effect of activation of endogenous MMPs 
present in crown dentin [134], 

With the increasing popularity in bonding to root canals, it was not known if in- 
traradicular dentin possessed similar intrinsic degradation mechanisms that might 
adversely affect the longevity of resin-dentin bonds. Thus, Tay et al. [135] demon¬ 
strated, with the same modelling approach, that intraradicular dentin possesses 
latent collagenolytic activity which can be activated by mild self-etching adhesives. 
In fact, in this study the decrease in fluorescence associated with the calcium chela¬ 
tor, EDTA, and the classic MMP inhibitor, chlorhexidine, indirectly showed that 
latent MMPs were present in the instrumented intraradicular dentin and could be 
further activated by mild self-etch adhesives, resulting in an increase of the col¬ 
lagenolytic activity up to 15-fold [135]. This is an important finding with potential 
clinical implications since MMPs are zinc-activated, calcium-dependent enzymes; 
thus, the use of 17% EDTA as an endodontic irrigant may result in chelation of 
the calcium ions that are required for functioning of these enzymes. Similarly, the 
use of chlorhexidine as an endodontic irrigant has potential merits, apart from its 
well-documented antimicrobial benefits, in inactivating MMP activities. However, 
as reported by Tay et al., 2% chlorhexidine and 17% EDTA only partially inhibited 
the MMPs activated by the self-etch adhesives, concluding that time, concentration 
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and method of delivery to be employed for maximal MMP inactivation have to be 
optimized in future studies [135]. 

In conclusion, as several studies stressed the effectiveness of aging process on 
bonding interfaces and some of them considered the possible detrimental effect of 
water on bonding interface of luted fiber posts, the role of water within the root 
canal should be considered. The main hypothesis of water contact along the in¬ 
terface of root dentin/luted post is based on the study by Chersoni et al. [136], 
demonstrating that permeability of simplified adhesives results in water movement, 
even in root-treated dentin. However, more recently, a similar protocol [137] was 
repeated demonstrating that under in vivo conditions, water was not in direct con¬ 
tact with the bonding/luting/post system (Figs 12 and 13), findings that were further 
confirmed by several other clinical and laboratory studies [138] (Figs 14 and 15). 
Thus, we can say that the presence of water blisters detected by Chersoni et al. 



Figure 12. SEM micrograph of root canal dentin after being treated with absolute ethanol for 1 min 
in accordance with the substrate conditioning of the ethanol-wet bonding technique (500 x). 



Figure 13. Water droplets imaged with SEM following the replica technique within the endodontic 
space (2000x). 
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Figure 14. A fiber post luted into a root canal after storage in water for 6 months. No degradation of 
the post is noticeable (SEM image 60 x). 



Figure 15. A fiber post after storage in water for 6 months with evident signs of degradation. 

[136] may be attributed to the experimental procedure or to incomplete solvent 
evaporation of the tested adhesives instead of water presence [138, 139]. 

It should be considered that the aging process occurring at the adhesive inter¬ 
face has been predominantly studied in coronal dentin under simulated laboratory 
conditions whilst almost no data are available on the aging process affecting bond¬ 
ing to root dentin. As the vitality of the tooth determines fluid movement through 
the dentinal tubules due to the presence of the pulpal fluid, aging of the adhesive 
interface in intraradicular dentin cannot be related to water mediated phenomena, 
while other reasons such as degradation caused via the activity of endogenous en¬ 
zymes such as matrix metalloproteinases can be hypothesized [122, 124]. In fact, 
a restoration placed on coronal dentin has a bonding interface directly exposed to 
the oral environment and consequently subjected to ‘water aging process’, whilst 
the bonding interface created within the root canal is not in direct contact with water 
unless a very small amount of intrinsic dentin is formed by water [32], Moreover, 
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(b) 


Figure 16. (a) Fiber posts exposed on the occlusal surface of abutments after 10 years of clinical 
function, (b) Higher magnification view of Fig. 16a under SEM taken on a replica obtained from 
pouring the impression in epoxy resin (80x). 


it was recently reported that under in vivo conditions (after 5 years of clinical func¬ 
tion) post surfaces that remained exposed to oral environment showed only a small 
amount of wear because of occlusion while no degradation occurred due to water 
uptake [140] (Figs 16 and 17). 


6. Conclusions 

Although in the last 15 years fiber posts have been widely investigated with dif¬ 
ferent tecniques and, in many aspects, there has been rapid progress in materials 
and techniques. Many new developments will take place in the near future before 
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(b) 


Figure 17. (a) A post exposed on occlusal surface of a second molar after 5 years of clinical function, 
(b) Higher magnification view of Fig. 17a under SEM (500 x). 

reaching the most ideal procedure for luting posts into root canals of endodontically 
treated teeth. 
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Abstract 

With the increase in esthetic awareness and the widespread use of adhesive techniques, a resin composite 
has become the material of choice for anterior and poster t t n In spite of its advantages, polymer¬ 
ization shrinkage and the resulting stress are still a concern for clinicians. The shrinkage stress may cause 
cusp deflection, interfacial debonding or enamel cracks, leading to microleakage, post-operative sensitivity 
and secondary caries. 

The micro-mechanical nature of the interaction of dental adhesives with enamel and dentin is a result of the 
infiltration of resin monomers into the microporosities left by the acid etching and subsequent enveloping of 
the exposed enamel hydroxyapatite crystals and the dentin collagen fibers with the resulting polymer. The 
latest development in dental adhesives is based on simplification and reduced application time of the bonding 
procedure by using non-rinsing adhesives. These non-rinsing (or self-etch) adhesives do not require a sepa¬ 
rate acid-etch step as they condition and prime enamel and dentin simultaneously by infiltrating and partially 
dissolving hydroxyapatite to generate a resin-infiltrated zone with minerals and smear layer incorporated. In 
spite of their user-friendliness and low technique sensitivity, self-etch adhesives have resulted in low bonding 
effectiveness, behaving as semi-permeable membranes to allow movement of water across the dentin-resin 
interface and potentially leading to hydrolytic degradation. Recently, the role of metalloproteinases (MMPs), 
in inducing degradation of the dentin extracellular matrix components, has been highlighted in the literature 
along with the potential role of chlorhexidine in inhibiting the deleterious role of MMPs. 

The ultimate goal of a bonded restoration is to attain an intimate adaptation of the restorative material with 
the dental structure. This task is difficult to achieve as the bonding procedure is different for enamel and for 
dentin. The bonded interface undergoes degradation with time when a hermetic seal is not achieved. On the 
other hand, an improved sealing results in decreased post-operative sensitivity and higher resistance to the 
caries process. The stress resulting from the polymerization shrinkage of resin composites is also a factor 
that interferes with the bonding procedure as it may cause interfacial leakage and cusp deflection. 
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1. Introduction 

The latest development in dental adhesives is based on simplification and reduced 
application time of the bonding procedure by using non-rinsing adhesives. These 
non-rinsing (or self-etch) adhesives do not require a separate acid-etch step as they 
condition and prime enamel and dentin simultaneously by infiltrating and partially 
dissolving hydroxyapatite to generate a resin-infiltrated zone with minerals and 
smear layer incorporated. In spite of their user-friendliness and low technique sen¬ 
sitivity, self-etch adhesives have resulted in low bonding effectiveness, behaving as 
semi-permeable membranes to allow movement of water across the dentin-resin 
interface and potentially leading to hydrolytic degradation. 

Root canal-treated teeth are often restored with a post and core to replace the 
tooth structure that has been lost by caries, restorative procedures, fractures, or en¬ 
dodontic access preparations. Loss of adhesion at the post-dentin interface is still 
the main reason why these restorations fail. The use of fiber-reinforced resin posts 
(or fiber posts) has gained popularity in the last few years as a consequence of 
several factors, including the enhanced esthetic properties of fiber posts, the use 
of adhesive techniques, and the elastic modulus of the posts being similar to that 
of dentin. However, several limitations of this technique have been recently dis¬ 
cussed. First, the high C-factor inside the root canal, a confined environment, leads 
to development of high shrinkage stresses. Secondly, the anatomy of the root canal 
does not allow for the complete removal of gutta-percha residues leading to areas 
of debonding of the resin cement. 

To obtain a durable and strong bond to dentin clinicians must understand not only 
the technique-sensitivity of the clinical bonding procedures, but also the biological 
and mechanical aspects of the bonding substrate, so they can reduce the existing 
potential for resin-dentin interfaces to undergo degradation. 

2. Polymerization Shrinkage 

Light-cured resin composites have been widely used in recent years due to their 
esthetic advantages, ease of use, improved bonding to the tooth structure and en¬ 
hanced mechanical properties [1]. The polymerization reaction of light-cured com¬ 
posites is faster than that of chemically-polymerized composites, which leads to the 
development of higher polymerization stresses for the former [2]. The development 
of internal stresses is due to a volumetric contraction, typically in the order of 2-9%, 
that occurs during the polymerization of light-cured resin composites [3, 4]. These 
shrinkage stresses are considered one of the principal mechanisms responsible for 
interfacial failures [5]. 

The matrix of most contemporary resin composite materials consists of metha¬ 
crylate-based monomers. Resin composites shrink during polymerization, because 
of the tighter packing of the monomer molecules in the resin matrix upon polymer¬ 
ization [6]. During the early stages of polymerization, monomers are converted into 
polymeric chains. After a certain degree of conversion has been attained, the prime 
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reaction consists of cross-linking of the polymeric chains. Although the material 
viscosity increases rapidly during the initial chain-growth period, the polymeric 
chains can still slide along one another to alleviate the stress created by the new 
molecule arrangement [6, 7], When the cross-linking reaction is completed, the 
ability of individual polymer chains to slide is no longer possible. 

The elastic modulus of the shrinking material is a factor on which shrinkage 
stresses depend. In vitro studies have shown that the interfacial stress that develops 
during the setting of a resin composite is positively correlated with the rigidity of 
the setting material [8]. The elastic modulus also increases as the polymerization 
reaction proceeds [9]. 

At the cross-linking stage, also known as the post-gel phase, the polymeric chains 
reach a sufficiently high modulus of elasticity to result in a strong, rigid material. 
Polymer contraction may continue in response to further conversion. At this point 
the rigidity of the material resists the plastic flow that tries to compensate for the 
original volume, leading to contraction stresses [5]. When bonded to the walls in 
the cavity preparation (cavity preparation or preparation is the space created in the 
tooth crown (by the dentist) to receive a restorative material (or filling)), the stresses 
are transferred to the tooth-restoration interface [10]. In areas where contraction 
stresses overcome bond strength, interfacial integrity is lost [11], and the result¬ 
ing interfacial gap may result in microleakage [12, 13], post-operative sensitivity, 
marginal staining and recurrent caries [14, 15]. 


3. Effect of Polymerization Shrinkage on Bonded Interfaces in Crown Dentin 

Any adhesive restoration may be subjected to one of two phenomena: (i) the 
bonded interface resists the shrinkage stress or (ii) the shrinkage stresses surpass 
the enamel/dentin bond strength [16]. 

When the bonded interface resists the polymerization shrinkage stresses, the 
transfer of the stresses to the bonded interface may cause cusp deflection and 
enamel fractures [13, 17]. The cusps move inward reducing the amount of com¬ 
posite to be inserted into the preparation [16]. In addition, during mastication, the 
occlusal load results in resin composite deformation, increasing the cusp deflection 
[18, 19]. As a result, the patient may feel severe discomfort during mastication. In¬ 
cremental application of resin composite has been advocated to reduce the potential 
of cusp deflection and decrease the stresses originated from polymerization shrink¬ 
age [20-22] (Fig. l(a-d)). Several other factors are inter-related and play a role in 
the clinical manifestation of events that develop during the polymerization of the 
resin composite. Among these factors, cavity dimensions, resin elastic modulus, 
resin viscosity, shrinkage, contraction stress, tensile modulus and flow are the most 
relevant [22], The application of increments of 2 mm or less has been recommended 
because the C-factor for a small increment is lower than for bulk filling and, there¬ 
fore, minimizes the harmful effects of stress development at the adhesive interface. 
Cuspal deflection that results from polymerization shrinkage is reduced by incre- 
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(c) (d) 


Figure 1. Sequence of incremental application to reduce polymerization stress, (a) Occlusal cavity 
preparation; (b) after application of the adhesive, the preparation is filled in composite increments from 
dentin towards enamel; (c) composite (enamel shade) layers being applied and (d) final restoration 
after finishing. 


mental filling techniques compared to bulk filling, regardless of using a horizontal 
incremental technique or an oblique horizontal technique [23]. A clinical study with 
class II restorations found significantly less sensitivity to occlusal loading when two 
composite increments were used as compared to bulk filling [24], However, the in¬ 
cremental technique has been questioned in view of the fact that even using small 
increments of resin composite, the amount of material to be inserted into the prepa¬ 
ration would be reduced because of dentin deformation [25-29]. Another technique, 
the trans-enamel polymerization, has also been advocated to reduce the deleterious 
effects of the contraction stresses by attenuation of the light output. In this tech¬ 
nique, the curing energy is transmitted through the enamel and into the preparation 
[30, 31], The resin composite is inserted in bulk and polymerized from the buccal 
and lingual walls. Continued application of energy supposedly penetrates through 
the tooth substrate into the resin adjacent to the internal surfaces of the preparation, 
so the bonding forms before the polymerization shrinkage starts developing. A re¬ 
cent study, however, has shown that increasing the enamel thickness resulted in a 
significant decrease in composite microhardness and cure depth [32], Additionally, 
increasing the curing time did not compensate for the light intensity attenuation 
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effect of the enamel structure [32], The resulting low degree of conversion might 
compromise some of the material’s properties, including solubility, dimensional 
stability, color change and biocompatibility of the resin composite [33, 34], Reduc¬ 
ing contraction stress by varying polymerization rate has some limitations [35] and 
also alters the quality of the formed polymer. It has also been shown that resins 
cured with low irradiance are more susceptible to degradation as measured by the 
amount of residual monomers [35, 36]. Another form of light intensity attenuation, 
the ‘soft-start’ polymerization, does not result in less cusp deflection or cervical 
dentin microleakage, as found in a very recent study using mesio-occluso-distal 
(MOD) restorations in premolars [37]. The degree of conversion is dependent on 
several other factors [38]. Of all these parameters, the irradiance of the light source 
and the exposure time are of particular interest since, in practice, these are amenable 
to manipulation by clinician [39]. 

It has been described that when a thick layer of a low elastic modulus material is 
used, the bulk shrinkage of the main restoration may not exert as much stress on the 
adhesive liner [35, 40]. Attempts to use flowable composites to provide the same 
effect have been reported. Unfortunately, the elastic modulus of some of the current 
flowable composites, which manufacturers recommend for use as liners, may not be 
ideal to behave as ‘stress absorbers’ [4,41]. Flowable composites do not necessarily 
result in stress reduction proportional to the reduction in elastic modulus compared 
to stiffer composites [42]. Additionally, the higher shrinkage associated with flow- 
able composites, compared to a microfilled composite, may indicate a potential for 
higher interfacial stresses for the former [4]. Clinical studies with flowable compos¬ 
ites have failed to demonstrate any benefits from their use. In one study, the use of 
flowable composite as a liner under hybrid composite restorations did not improve 
the clinical performance of class V restorations at 12 months [43]. Another study on 
teeth scheduled to be extracted for orthodontic reasons did not find better interfacial 
adaptation of the resin composite in the proximal box of class II restorations when 
a flowable composite was used in the proximal box [44]. The 2-year clinical perfor¬ 
mance of occlusal composite restorations in another study did not benefit from the 
additional use of a flowable composite [45]. 

In case the composite shrinkage stresses surpass the composite-dentin bond 
strengths a gap will form (Fig. 2). Marginal gaps may allow the penetration of 
fluids, bacteria, molecules, and ions to the tooth-restoration interface. During gap 
formation the resin tags are partially pulled from the tubules, leaving dentin tubules 
unprotected and susceptible to contamination (Fig. 2). The fluids within the denti¬ 
nal tubules are challenged by osmotic changes. As a result of fluid movement the 
nerve receptor is stimulated, generating the sensation of pain [46]. Despite the fact 
that dentinal hypersensitivity is transient, the sensation is extremely uncomfortable. 

The adhesive bond of resin composite to gingival margins is significantly weaker 
and more susceptible to failure than the bond to the axial walls [47, 48]. Possible 
explanations for the fact described above are: (i) dentin tubules in the gingival area 
exhibit the highest density compared to other dentin locations [49]; (ii) during cav- 
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Figure 2. FESEM micrograph showing resin composite debonding from the hybrid layer. Note the 
patent dentinal tubules. Magnification = x2500. A — adhesive; H — hybrid layer; D — dentin. 



Figure 3. TEM micrograph of reticular pattern of nanoleakage in the hybrid layer obtained after 
30 s dentin etching and application of a total-etch ethanol-based adhesive. Magnification s x 15 000. 
A — adhesive; H — hybrid layer; D — dentin. 

ity preparation tubules in the gingival area are cut perpendicular to their long axes 
[50]; and (iii) the presence of a cementum layer of approximately 150-200 pm 
at the cervical margins [51]. In vivo experiments confirm that the gingival margin 
represents a serious challenge for reliable bonding [50, 52, 53]. 


4. Degradation of the Bonded Interfaces 

A strongly bonded interface would theoretically be able to resist polymerization 
stresses. However, the quality of the dentin sealing can be significantly affected by: 
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Figure 4. TEM micrograph of spotted pattern of nanoleakage dispersed throughout the hybrid layer 
after the application of a non-rinsing acidic conditioner. Magnification = x 15 000. A — adhesive; 
H — hybrid layer; D — dentin. 



Figure 5. Backscattered FESEM micrograph of nanoleakage (water-tree) in the adhesive layer of an 
all-in-one self-etch adhesive. Magnification = x2500. E — enamel; A — adhesive; D — composite 


(i) porosity within the hybrid layer (Figs 3-5); (ii) aging of the bonded interfaces 
(Fig. 6); (iii) the insufficient amount of adhesive used to coat the dentin surface 
[54, 55]. Even in the absence of marginal gaps, leakage is frequently found within 
the hybrid layer [56]. Areas of residual water or diffusion of dentinal fluids can be 
found within the hybrid layer (nanoleakage) (Figs 3-5) or extending from the hybrid 
layer toward the adhesive layer in form of water-trees [56, 57]. In order to obtain 
an adequate bond, enamel and dentin surfaces must be modified by phosphoric 
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was placed with a self-etch all-in-one adhesive, (b) FESEM micrograph of the same restoration show¬ 
ing open margins. C — resin composite; E — enamel. Magnification = x 150. 


acid-etching or acidic monomer solutions. During the application of the adhesive 
solution, the role of the adhesive solvent is to displace the fluids located between 
the individual collagen fibrils to form a homogeneous and compact resin-dentin 
interdiffusion zone. Evaporation of solvent by air-drying is a critical step regarding 
the marginal quality of the restorations [58, 59]. In contrast, if the water is shifted 
from the dentin tubules to the interfibrillar spaces, nanoleakage may increase and 
bond strength decrease [60], The complete infiltration of the resin monomers into 
the collagen network depends on other factors such as monomer molecular weight 
(61), adhesive composition [62, 63], application technique [54, 55, 60], amount of 
remaining water [57, 64] and integrity of the dentin collagen [47, 65, 66]. 

Dentin adhesives can undergo hydrolytic degradation not only immediately after 
application but also with aging. The discrepancy between the depth of demineral¬ 
ization and resin infiltration results in a basal area of the hybrid layer filled with 
water [67]. The water present within the nanometric spaces and channels between 
collagen fibrils may dilute the resin monomers [68]. Thus, the remaining water 
prevents a complete polymerization of the adhesive, leaving intermittent areas of 
nanoleakage, which then show as a reticular pattern [67] (Fig. 3). It is speculated 
that water sorption occurs in localized hydrophilic phases of adhesive matrices 
causing phase separation of copolymers containing hydrophobic and hydrophilic 
resins [68] (Fig. 4). Water-trees along the adhesive-dentin junction may result 
in a rapid deterioration of the mechanical properties of the adhesive resulting in 
adhesive failure along the surface of the hybrid layer [67] (Fig. 5). In addition, 
nanoleakage is strongly affected by the depth of the preparation, therefore more 
nanoleakage (less durability of the bonds) is expected closer to the pulp [53]. 

Aging significantly increases the degradation of the hybrid layer. Enzymes from 
the oral environment hydrolytically attack collagen fibrils over time [69], Simulta¬ 
neously, areas of unprotect demineralized dentin (‘naked’ collagen) may undergo 
hydrolysis [70]. As a result, loss of unpolymerized resin from interfibrillar spaces 





Composite Restorations — Clinical Challenges 


43 


[71] and disorganization of the collagen network occur [72], Microvoids in the 
hybrid layer become wider because the resin undergoes physical separation into 
hydrophobic- and hydrophilic-rich phases [73]. This phenomenon may result in 
significant reduction in resin-dentin bond strengths following long-term water im¬ 
mersion. Therefore, the presence of a peripheral enamel bond is crucial to reduce 
the degradation rate of the resin-dentin interface [74], 

A decreased concentration of resin monomer in the acid-etched dentin, and resin 
elution from hydrolytically unstable polymers within the hybrid layers may leave 
the collagen fibrils vulnerable to degradation by endogenous metalloproteinases 
(MMPs) [75], which are enzymes capable of inducing degradation of the extracellu¬ 
lar matrix components. Collagenolytic and gelatinolytic activities found in partially 
demineralized dentine [76] imply the existence of MMP in human dentin. Human 
dentin contains gelatinases MMP-2 and -9, collagenase (MMP-8), and enamelysin 
MMP-20 [75, 77, 78]. These enzymes are trapped within the mineralized dentin 
matrix during odontogenesis [77,78]. Dentin collagenolytic and gelatinolytic activ¬ 
ities can be overcome by protease inhibitors [76], indicating that MMP inhibition 
could preserve the integrity of the hybrid layer. In fact, the in vivo application of 
chlorhexidine, known to have a MMP-inhibitory effect [79], improved the integrity 
of the hybrid layer [80]. When chlorhexidine was applied in vitro, the integrity 
of the hybrid layer and the magnitude of bond strengths were preserved in aged 
dentin-resin interfaces [81]. Apart from having been a commonly known antibac¬ 
terial element, mainly used in Periodontology, chlorhexidine also functions as a 
potent MMP inhibitor. When phosphoric acid is applied without the subsequent 
application of chlorhexidine, it does not inhibit the collagenolytic activity of min¬ 
eralized dentin, while the use of chlorhexidine after acid-etching, in even very low 
concentrations, strongly inhibits this activity. The drawback that might be associ¬ 
ated with the use of chlorhexidine is the potential discoloration associated with its 
use [82]. While this staining potential has been widely reported for tooth surfaces, 
there are no reports dealing with the staining of composite-tooth interfaces that 
might be wrongly diagnosed as leakage. 


5. Bonding to Root Dentin — the Ultimate Challenge 

Loss of adhesion at the fiber post-dentin interface is still the main reason why ad¬ 
hesive restorations in the root canal fail [83]. Apart from the difficult access and the 
lack of direct vision within the root canal, the interaction between the high C-factor 
inside the canal (ratio of bonded to unbonded surfaces) [20] and polymerization 
shrinkage of resin materials results in very high stresses that may jeopardize the 
adhesive cementation of intraradicular posts [84]. The resin material has an oppor¬ 
tunity to flow when free surfaces are available, which results in relaxation of stresses 
that develop in the polymerizing resin [10, 20]. Internal shrinkage stresses in the ce¬ 
ment inside the root canal may separate the cement from the dentin wall [85]. These 
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Figure 7. FESEM micrograph (backscattered) of a section of a root canal restored with a fiber post 
and resin cement (RC). Note the silver leakage associated with air voids in the cement, spreading into 
the dentinal tubules. Magnification = x500. 


shrinkage stresses were responsible for the resin cement-dentin interface debonded 
areas observed by different authors [83, 85]. 

Most adhesive materials used to cement pre-fabricated posts inside the root 
canal are hand-mixed, which may result in air bubbles entrapped within the ce¬ 
ment [85, 86], The use of a spiral-shaped rotative instrument (lentulo) reduced the 
prevalence of voids [86], The incorporation of air in the resin has been shown to 
inhibit the polymerization of the cement [2, 21]. The deleterious effect of a high 
C-factor may actually be compensated by the stress relaxation provided by the 
air present in the resin material [20]. Consequently, the use of hand-mixed resin 
cements to lute fiber posts may be of some benefit for the mechanical integrity 
of the resin-dentin interface as it provides an opportunity for the stresses accu¬ 
mulated in the resin cement to dissipate, at least partially [20]. Notwithstanding 
this benefit, air bubbles may weaken the composite, which explains, in part, the 
debonding that occurs between the resin cement and the root dentin and the greater 
microleakage observed at this interface (Fig. 7) [87]. Some of the current cements 
do not require hand-mixing. For example, the auto-mixing mechanism of some ce¬ 
ments and their placement in the root canal with elongated plastic tips may explain 
the scarcity of voids at the cement-dentin interface in some of the studies per¬ 
formed in our laboratory [87]. It has also been demonstrated that when self-adhesive 
cements are applied under pressure the number of porosities at the interface de¬ 
creases [88]. 

One of the obstacles that clinicians have to overcome when bonding to root canal 
dentin is the residual gutta-percha that is not removed with the instrumentation and 
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Figure 8. FESEM micrograph (backscattered) of section of a root canal restored with a moldable 
fiber post (P) and resin cement (RC). Note the silver leakage (SL) between the gutta-percha (GP) and 
dentin (D). Magnification = x70. 


shaping of the root canal during root canal treatment. These areas around residual 
gutta-percha may be pathways for leakage (Fig. 8). The unpredictable variation 
in root canal morphological features [89] may be responsible for the incomplete 
gutta-percha removal. Adhesion to root dentin requires a surface free of debris and 
pulpal remnants [90]. Studies have shown that not all walls of the root canal are 
contacted by instruments [91]. Additionally, the presence of residual gutta-percha 
in the prepared canals does not allow for adhesion between cement and dentin, 
leading to debonding at the adhesive interface which prevents a tight seal. In spite 
of the careful preparation of the canal spaces, some canals had an elliptical shape in 
cross-section, which resulted in residual gutta-percha in areas that the preparation 
drill would not reach [87]. 


6. Summary and Further Studies 

Most of the published research on clinically-relevant dental materials is carried out 
in a laboratory setting. The ultimate test for any dental material is clinical effec¬ 
tiveness and durability. A new version of a specific resin-based dental material is 
often launched even if the previous one has not been fully tested. As a result, clini¬ 
cians still rely on data from laboratory tests to predict the clinical behavior of new 
materials. Future studies must include controlled clinical trials. The obstacles that 
investigators will need to overcome are (i) clinical trials are more time-consuming 
for investigators than laboratory research and (ii) there is a shortage of independent 
funding for clinical studies. 
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Abstract 

The clinical success of resin bonding procedures for indirect ceramic restorations and ceramic repairs de¬ 
pends on the quality and durability of the bond between the resin and ceramic. The quality of this bond 
will depend on the bonding mechanisms that are controlled, in part, by the surface treatment that promotes 
micromechamcal and chemical bonding to the substrate. The objective of this work was to examine the cor¬ 
relation of interfacial toughness (A'a) with fracture surface morphological parameters of the resin-ceramic 
systems as a function of ceramic surface treatment. This analysis was designed to identify mechanisms that 
promoted adhesion of these resin-ceramic systems and an appropriate bond test method to yield relevant 
adhesion performance data. The rationale used in this work indicates that the quality of the bond should not 
be assessed based on bond strength data alone. In addition, the mode of failure and fractographic analyses 
should be used to provide important information leading to predictions of clinical performance limits, which 
is the ultimate test for any adhesive system. 

Keywords 

Ceramics, resin, bond strength, interfacial toughness, fracture surface 


1. Introduction 

The discovery that most dental ceramics could be acid etched to create a micro¬ 
mechanical bond to resin has led to the development of acid-etched and bonded 
ceramic restorations [1]. This concept was extended to include the repair of frac¬ 
tured dental ceramic restorations in the mouth. Such fractures lead to increased 
cost, discomfort, time and labor when a replacement is required [2]. The repair of 
a fractured ceramic restoration is a challenging clinical situation and there is little 
documentation on the clinical performance of the repaired restorations. Yet, repair 
would be a more cost effective option, provided the final result is clinically accept¬ 
able. 

Materials and procedures used either to repair fractured ceramic restorations with 
a resin composite or to bond indirect ceramic restorations using a resin cement are 
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based on the results of bond strength tests that exhibit wide variability in both test 
data and resulting fracture surface characteristics [3-11]. 

In the search for a method that produces a uniform stress distribution across the 
interface, investigators have evaluated similar adhesive systems under various bond 
test configurations [6, 12, 13]. These studies suggest that a tensile test may be more 
appropriate to evaluate the bond strength of adhesive interfaces because of more 
uniform interfacial stresses. However, tensile tests require careful alignment of the 
specimens to minimize the risk of flexure [7]. 

The physical contribution to the adhesion process is dependent on the surface 
topography of the substrate and can be characterized by its surface energy. Alter¬ 
ation of the surface topography by etching or airborne-particle abrasion results in 
changes in the surface area and on the wetting behavior of the ceramic. This also 
changes the ceramic surface energy and its adhesion potential to resin [14, 15]. Dy¬ 
namic contact angle (DCA) analysis has been used to evaluate the surface energy 
of treated ceramic surfaces and their work of adhesion (VTa) to resin. In principle, 
the work of adhesion can be related to the apparent interface toughness [14]. 

Fracture mechanics allows quantification of the relationships between material 
properties such as toughness, stress level, the presence of crack-producing flaws, 
and crack propagation mechanisms. Another way to assess the integrity of the 
bond is to estimate the apparent interfacial fracture toughness of the adhesion zone 
by promoting crack initiation within this zone. The apparent fracture toughness 
value (A'a) reflects the ability of a material to resist unstable crack propagation 
[16-19], 

The objective of this work was to exam in e the correlation of apparent interfa¬ 
cial toughness (Ka) with fracture surface morphological parameters of the resin- 
ceramic systems as a function of ceramic surface treatment. This analysis was 
designed to identify mechanisms that promoted adhesion of these resin-cera mi c 
systems and an appropriate bond test method to yield relevant adhesion perfor¬ 
mance data. 

2. Effect of Surface Treatment on the Contact Angle and Work of Adhesion 

The clinical success of either a repaired ceramic restoration or a resin cemented ce¬ 
ramic restoration will depend on the quality and durability of the bond between the 
resin and ceramic. The quality of this bond will depend on the bonding mechanisms 
that are controlled, in part, by the specific surface treatment used to promote micro¬ 
mechanical and chemical retention with the substrate [7]. Structural and surface 
analyses of etched ceramics have shown that different etching patterns are created 
depending on the ceramic microstructure and composition, and the concentration, 
application time and type of etchant [7, 20-26]. Surface defects, often located in 
the glassy matrix, and phase boundaries of heterogeneous ceramic materials are 
preferentially etched by the acids. Alteration of the surface topography by etch¬ 
ing will result in changes in the surface area and on the wetting behavior of the 
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porcelain [14, 15, 24]. This may also change the ceramic surface energy and its 
adhesion potential to resin [14, 27]. Differences in ceramic compositions will also 
produce unique topographic changes after etching procedures [24], Thus, the ce¬ 
ramic microstructure, composition, and morphology after surface treatment should 
yield potentially useful information on the clinical success of the bonding proce¬ 
dures for indirect ceramic restorations and ceramic repairs [24, 28]. 

It has been reported that the surface changes produced by fluoride-containing 
etchants such as hydrofluoric acid (HF), ammonium bifluoride (ABF) and acidu¬ 
lated phosphate fluoride (APF) are distinct [24]. HF etching has a very aggressive 
effect on the surface of most acid-sensitive ceramics, where porosities are scat¬ 
tered uniformly throughout the ceramic surface. This pattern is more evident for 
leucite-based ceramics than for either single-phase or high-content alumina ceram¬ 
ics (Fig. 1) [7, 20-24, 29-31]. 

ABF etching produces mostly linear defect patterns that are primarily formed 
because of the etchant attack on existing surface cracks, leucite-induced cracks, and 
phase boundaries. This etching pattern is also observed after using HF for reduced 
times and at lower concentrations, suggesting that ABF acts as a low power HF 
etchant [23, 24], 

The APF etchant seems to build up surface deposits preferentially on the leucite 
crystal phase [6, 7, 23, 24], These studies demonstrated that treating the cera mi c 



Figure 1. SEM micrographs of HF-etched ceramics, (a) Vita Omega dentine ceramic (Vita Zahnfabrik, 
Bad Sackingen, Germany), a leucite-based feldspathic ceramic, (b) Duceram-LFC ceramic (Ducera, 
Rosbach, Germany), a single-phase low-fusing glass, (c) In-Ceram Zirconia ceramic (Vita Zahnfabrik, 
Bad Sackingen, Germany), a glass-infiltrated zirconia-reinforced ceramic. HF etching produces a very 
aggressive effect on the surface of most acid-sensitive ceramics (a). The acid effect is reduced for 
either single-phase (b) or high crystalline content ceramics (c). From Della Bona and Anusavice [24]. 
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Figure 1. (Continued.) 


surface with APF alone produces an insufficient, inconsistent, micromechanically- 
retentive surface and, as a consequence, the lowest bond strengths were obtained 
for resin-based composites. Treating the ceramic surface with HF produced a sub¬ 
stantial and consistent roughness on acid-sensitive ceramics, mainly because of its 
action on defects and phase boundaries [7, 23]. These results have a positive cor¬ 
relation with the results from contact angle measurements between the resin and 
ceramic [14]. 
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The etched ceramic topography can be explained by the chemical reactivity of 
the crystals of single-phase materials, and this depends on crystallographic orienta¬ 
tion. In polycrystalline materials, etching characteristics vary among crystal types. 
Atoms along the crystal boundaries are more chemically active and dissolve at a 
greater rate than those within the exposed grain, resulting in the formation of small 
grooves or linear defects after etching (Fig. 1) [24, 28, 32], 

It has, therefore, been suggested that (1) differences in ceramic microstructure 
and ceramic composition are the controlling factors in the development of microme¬ 
chanical retention produced by etching, and (2) the etching mechanism is different 
for different etchants, with HF producing the most prominent etching pattern on 
most acid-sensitive ceramics [24], 

Some clinicians also use coarse diamond rotary instruments or oral gritblaster 
(airborne-particle abrasion systems) as the first step in the repair of fractured ce¬ 
ramic restorations. It has been shown that other than the scalloped surface created 
by the rotary instrument, both procedures produce a similar topography. In addition, 
these methods tend to create more stress and sharp cracks in the ceramic surface, 
and these are readily attacked by acids and may weaken the substrate [23]. 

Ceramics with high crystalline content (aluminum and zirconium oxides), also 
called acid-resistant ceramics, have demonstrated better clinical performance than 
feldspar-, leucite-, and lithium disilicate-based ceramics, which are known as acid- 
sensitive ceramics [28]. However, an increase in mechanical strength, by increasing 
the crystalline content and decreasing the glass content, results in an acid-resistant 
ceramic whereby any type of acid treatment produces insufficient surface changes 
for adequate bonding to resin [7, 24, 28, 33-39]. For these acid-resistant ceram¬ 
ics, a silica coating process (silicatization) has been suggested to maxi miz e the 
bond to resin [28, 36, 37, 39^42]. Coating systems (Rocatec and Cojet, 3M-Espe) 
create a silica layer on the ceramic surface through high-speed surface impact 
of alumina particles modified with silica. It has been reported that the airborne 
particles can penetrate up to 15 pm into ceramic and metal substrates [41]. This 
tribochemical effect of the silica coating systems may be explained by two bonding 
mechanisms: (1) the creation of a topographic pattern via airborne-particle abrasion 
allowing for micromechanical bonding to resin; and (2) the promotion of a chemical 
bond between the silica-coated ceramic surface and the resin-based material, via a 
silane coupling agent. Therefore, a silica-silane chemical bond can occur with acid- 
resistant ceramics if a silica coating of the ceramic surface is used (Fig. 2) [33, 37, 
42-44], 

Silanes have been used to enhance the bonding between organic coatings/ 
adhesives and ceramics or metals in various industries since the 1940s [45, 46]. 
Organosilane coating of inorganic filler particles has improved their bonding to 
matrix resins [47]. This approach also improves the chemical adhesion of ceramic 
bonded restorations [48-50] and resin-bonded ceramic repairs [7-9, 22, 25, 26, 51, 
52]. However, the long-term stability of such bonding has been challenged [49, 
53-56], 
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Figure 2. SEM micrograph of a silica-coated In-Ceram Zirconia ceramic (Vita Zahnfabrik, Bad 
Sackingen, Germany), a glass-infiltrated zirconia-reinforced alumina-based ceramic. The small grains 
bonded onto the ceramic surface are alumina (AI2O3) particles modified by silica that were blasted 
using the Cojet system (3M-Espe). 

Silane coupling agents bond to Si-OH on ceramic surfaces by condensation re¬ 
actions and methyl methacrylate double bonds provide bonding to the adhesive. As 
long as there are adequate Si-OH sites on the ceramic surface, satisfactory bonding 
should be achievable. Therefore, if the goal is to obtain a thin silane coating on any 
ceramic surface, the protocol should consider the various ceramic microstructures 
and silane types, and mechanisms to reduce the silane coating thickness, e.g., heat 
treatment. 

Silane commonly used in dentistry is thought to be hydrophobic, and this prop¬ 
erty is believed to reduce hydrolytic degradation of the bond. It may also improve 
wetting of the ceramic surface by the adhesive, since the silane-coated surface is 
organophilic to the adhesive. However, contact angle measurements have shown 
otherwise [14]. To obtain complete wetting of a surface, the adhesive must initially 
be of low viscosity and have a surface tension lower than the critical surface tension 
of the mineral surface [45]. In [57] it has been reported that the surface energy of 
glass treated with methacryloxy propyl trimethoxy silane — MPTMS is 36.7 mJ/m 2 
and the critical surface energy is 28.0 mJ/m 2 at 20°C. Both values are lower than 
the surface tension of the resin (65% Bis-GMA, 35% TEGDMA: 39.7 mJ/m 2 ). This 
should explain the high contact angle values observed for MPTMS treated ceramic 
surfaces probed using this resin medium [14], 

The adhesion between resin-based composites and dental ceramics is the result 
of a physico-chemical interaction across the interface between the resin (adhesive) 
and the ceramic (substrate or adherend). The physical contribution to the adhesion 
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process is dependent on the surface topography of the substrate and can be charac¬ 
terized by its surface energy. Alteration of the surface topography, e.g., by etching 
and airborne-particle abrasion, will result in changes in the surface area and in the 
wettability of the substrate [14, 15]. This may also change the surface energy and 
the adhesion potential [14, 27, 58, 59]. 

The wetting behavior (wettability) of the resin on the treated ceramic substrate 
can be characterized using contact angle measurements and surface energy cal¬ 
culations. The wettability of a solid surface by a liquid (e.g., adhesive) can be 
characterized by Young’s equation: 

Ksl = ysv - Tlv cos 9 , (1) 

where ysv is the free energy per unit area of the solid surface in equilibrium with 
vapor, yLv is the surface tension of liquid in equilibrium with its vapor, ysL is the 
interfacial energy, and 6 is the contact angle. The work of adhesion (Wa) of the 
liquid drop on a substrate is expressed by Dupre’s equation: 

Wa — ysv + Tlv - ysL- (2) 

Combining equations (1) and (2) yields the so-called Young-Dupre equation: 

Wa = yLv(l + cos#). (3) 

An increase in the ceramic surface energy can improve the bond strength between 
resin composite and ceramic. Contact angle values can be used as an indicator of 
total surface energy and wettability [60]. Dynamic contact angle (DCA) analysis 
using high-performance liquid chromatography (HPLC) grade water as the probe 
liquid was used to quantify the influence of surface treatments on contact angle of a 
feldspathic ceramic [15]. It was found that chemical and mechanical treatments of 
ceramic surfaces yielded increased total surface area as well as total surface energy. 
The use of high purity water as a probe liquid is valid for analyzing differences 
between substrates, such as the effect of etching on dental ceramic surfaces. Ac¬ 
cording to equation (3), Wa is dependent on the surface tension of the liquid (e.g., 
an adhesive) and its contact angle on the substrate. Thus, the values obtained us¬ 
ing water as a probe liquid are not useful to calculate the Wa of resin bonded to 
ceramic. Instead, an adhesive-equivalent fluid resin should be used, i.e. a resin of 
similar composition to that of the adhesive. The results of such an approach were 
that untreated ceramics displayed a larger mean contact angle than the etched ce¬ 
ramics [14]. This improved ceramic wettability by low-viscosity resins is dependent 
on the increase in surface area, which allows a solid to draw more medium onto its 
surface and exerts greater interfacial force on the specimen. Consequently, rough¬ 
ened surfaces display smaller contact angles and a greater Wa- A good correlation 
can be observed between the surface roughness and the resulting contact angle. 
Thus, the greater the surface roughness, the lower the contact angle and the greater 
the W A [14]. 
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3. Bond Strength and Interfacial Fracture Toughness of 
Resin-Ceramic Systems 

Bond strength tests have been used to predict the clinical performance of repaired 
fractured ceramic restorations and resin-bonded ceramic restorations, although 
most of these tests exhibit a wide variability in fracture patterns and bond strength 
values. The commonly used shear bond test often produces fracture at a distance 
from the resin-ceramic adhesion zone that may lead to erroneous conclusions on 
bond quality. Such failures of the substrate prevent measurement of interfacial bond 
strength and limit further improvements in bonding systems [5, 6, 23, 32, 61]. 

To test the integrity of bonded interfaces one can subject a bonded assembly to a 
variety of loading conditions to control the crack path along the interface or within 
the interfacial region. Analyses of bond tests have revealed several problems as¬ 
sociated with most common test arrangements and suggest a lack of reliability of 
such measurements in assessing the adhesive behavior of bonded dental materials. 
Several studies have identified non-uniform stress distributions along bonded inter¬ 
faces. These variable stress patterns suggest that a standardized research protocol 
may address only a part of the problem [6, 61-67]. 

Studies of similar adhesive systems under different bond test configurations [6, 
12, 13] suggest that a tensile bond strength test may be more appropriate to eval¬ 
uate the bond strength of adhesive interfaces because interfacial stresses are more 
uniform. 

The microtensile test, a tensile bond test with reduced testing area, was developed 
as an attempt to eliminate non-uniform stress distribution at the adhesive interface 
and to mini mi ze the influence of interfacial defects [68]. The reduction in the num¬ 
ber and size of defects in the adhesion zone is thought to decrease the incidence 
of bulk cohesive failures and increase the tensile bond strength, regardless of the 
cross-sectional shape. This test has been used to measure the bond strength of resin 
composites to dental tissues [13, 68-73] and to ceramics [7, 9, 74], 

The non-trimming method to obtain specimens for the microtensile test places 
less stress on the adhesion zone [71]. As no specimen finishing is necessary, this 
method also avoids areas of stress concentration produced by polishing materials of 
different hardness values [7, 9]. 

The evaluation of the structural integrity of the adhesion zone by Weibull analy¬ 
sis is also an important component for an integral analysis of the bonded interface 
[7, 9]. The strength values reported using the microtensile test are considered a reli¬ 
able indicator of the resin composite-ceramic bond quality since all fractures occur 
within the adhesion zone. In addition, the microtensile test produces variable frac¬ 
ture surface morphology and fracture origins for the same adhesive interfaces within 
the adhesion zone. Yet, the resin-ceramic interface seems to be the weakest link in 
this system, and fractures followed a certain mode of failure trend depending on 
the ceramic surface treatment. The modes of failure were examined and classified 
(Fig. 3) [9], Adhesion failures (mode 1) are not common and normally happen dur¬ 
ing specimen cutting procedures. HF-treated ceramic specimens usually produce 
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Figure 3. Schematic representation (side view) of the modes of failure for the microtensile bond 
strength test of ceramic bonded to resin composite, based on crack initiation and principles of frac- 
tography. Mode 1: interfacial separation at the ceramic-adhesive resin interface. Mode 2: failure starts 
at the ceramic-adhesive interface, goes into the adhesive resin and returns to the interface. Mode 3: 
failure from internal flaw (penny-shape internal crack). Mode 4: failure starts at the ceramic-adhesive 
interface and propagates through the adhesive resin. Mode 5: failure starts at the ceramic-adhesive 
interface, goes through the adhesive resin to reach the resin composite-adhesive interface. From Della 
Bona etal. [9]. 


failures that start at the adhesive-ceramic interface and propagate through the ad¬ 
hesive (mode 4), then either reach the adhesive-resin composite interface (mode 5) 
or return to the ceramic-adhesive interface (mode 2) [7, 9]. 

Optical microscopy observation is often not enough to determine the mode of 
failure of bonded interfaces. A thorough SEM examination of the fracture surfaces 
following the principles of fractography and confirmation of surface composition 
through the use of X-ray elemental map analysis (Fig. 4) produce a more consis¬ 
tent and complete description of the fracture initiation, crack propagation, and the 
modes of failure [8, 9]. These analyses would prevent simplistic comments such as 
“mixed mode of failure” as an attempt to classify the mode of failure, which of¬ 
ten follows the “adhesion” or “cohesive” unscientific determination of the fracture 
process. Thus, when fractography is correctly used to determine the fracture origin, 
a proper scientific statement on the mode of fracture can be formulated. 

Although the mode of failure is an important aspect of bond strength tests, this 
behavior is not commonly reported. A detailed inspection of the fracture surfaces 
can indicate the failure mode of a bonded assembly. The fracture behavior of ad¬ 
hesive interfaces will depend on stress, flaw distribution, material properties, and 
environmental effects. Therefore, fracture surface characterization (fractography) 
combined with fracture mechanics inferences are of great importance to understand 
and predict bonded interface reliability [75]. 

A careful interpretation of the failure mode is required to prevent inappropriate 
conclusions about the utility of microtensile testing and adhesion zone phenom¬ 
ena. Several dentin bond strength studies using a microtensile test have reported the 
modes of failure based on SEM observations [72, 73, 76-81]. These studies have 
based the failure classification on the location where the fracture has occurred. Ex¬ 
amining the information provided in these studies one concludes that most of the 
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Figure 4. SEM image (top) and X-ray elemental maps of fracture surface of IPS Empress ceramic 
(Ivoclar AG, Schaan, Liechtenstein) bonded to resin composite (Z100, 3M Dental Products, St. Paul, 
MN, USA). The label at the top of X-ray maps indicates the elements and their intensity. The critical 
flaw is indicated by the white arrows at the top right comer of the SEM micrograph (x 100). The 
fracture starts along the ceramic-adhesive interface, propagates through the adhesive resin to reach 
the resin composite-adhesive interface (Failure mode 5, in Fig. 3). From Della Bona et al. [9], 


failures occurred within the adhesion zone [9]. Yet, an understanding of the fracture 
mechanics concepts and the analysis of fracture events on the basis of fractography 
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will reduce the risk for data misinterpretation such as the inference that the bond 
strength must exceed the cohesive strength of the ceramic when the fracture initi¬ 
ates away from the interface. Therefore, the classification of the modes of failure 
based on principles of fractography (Fig. 3) should assist researchers to correctly 
interpret the fracture phenomena. 

As demonstrated by finite element analyses (FEA) of stresses, the non-uniformity 
of the interfacial stress distribution generated during conventional tensile and shear 
bond strength testing may lead to fracture initiation from flaws at the interface or 
within the substrate at areas of high localized stress [6, 67, 82], To promote crack 
initiation within the interfacial zone, an interfacial toughness test can be used [9, 
18, 19]. These authors used fractography to identify the initial critical flaw and 
suggested that the interfacial fracture toughness, a more meaningful property than 
bond strength, could be assessed by employing fracture mechanics principles. 

The fracture toughness value (S'ic) reflects the ability of a material to resist un¬ 
stable crack propagation. An extensive literature exists on the various techniques 
used for measuring the fracture toughness of ceramics [16, 83]. Fracture mechanics 
allows quantification of the relationships between material properties, stress level, 
the presence of crack-producing flaws, and crack propagation mechanisms. An¬ 
other way to assess the strength of the bond is to estimate the apparent interfacial 
fracture toughness (K\) of the adhesion zone by promoting crack initiation at the 
bonding interface. Strictly speaking, measurement of the toughness at the interface 
in terms of Ajc is undefined. However, tensile tests can be performed in which a 
crack or defect is the source of failure. Therefore, the apparent fracture toughness 
of the interface can be calculated from the size of the defect and the strength with 
an appropriate geometric factor. Thus, the apparent fracture toughness value (A'a) 
reflects the ability of a material to resist unstable crack propagation at the interface 
[18, 19]. 

Usually, in order to maintain equal compliances of the specimen halves, i.e. for 
the two halves to have equal strain energy, most interfacial fracture toughness tests 
require E\d\ = £ 2^2 > where E is the elastic modulus and d is the depth of the 
rectangular segment for ceramic and resin composite, subscripts 1 and 2, respec¬ 
tively [9, 18, 19]. As the microtensile test is uniaxial, there is no need to balance 
the compliance for the two materials to measure K\. Even so, because the fracture 
toughness in this form is really a pseudocritical stress-intensity factor, i.e. apparent 
toughness (A'a), and considering the fact that it is difficult to define stress intensity 
at an interface, one must still determine an effective modulus for the two materials 
[18]. 

Another appropriate way to assess the interfacial bond is to analyze the energy 
per unit crack surface area, Gic, i.e., the energy required for a crack to advance in 
the bond plane. The toughness relative to the strain energy release rate (G\c) is an 
accurate measure of the resistance of the bond to fracture since Gic represents the 
relative energy required to create the new surfaces [18]. 
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4. Summary and Conclusions 

This review suggests that (1) microstructure and composition are the controlling 
factors in the development of micromechanical retention produced by etching for 
the acid-sensitive ceramics; (2) roughening the ceramic surface by HF etching and 
silane coating still yields the highest bond strength values for acid-sensitive ce¬ 
ramics; (3) silica coating of acid-resistant ceramics is effective in improving the 
bonding to resin; (4) the tensile bond strength and the apparent interfacial fracture 
toughness of ceramic bonded to resin is affected by the ceramic microstructure and 
the ceramic surface treatments; (5) the definition of the adhesion zone is critical to 
classify the modes of failure, which should be an integral component of all failure 
analyses; (6) tensile bond strength tests may be preferable to conventional shear or 
flexural tests as an indicator of resin composite-ceramic bond quality, since fracture 
occurs within the adhesion zone; (7) a careful microscopic analysis of the fracture 
surfaces and an X-ray elemental map can produce a more consistent and complete 
description of the fracture process and interpretation of the modes of failure; and 
(8) there is a positive correlation between the VTa, the tensile bond strength (cr), and 
Ka, i.e., the greater the mean Wa value, the greater the mean a and K\ values. 

Thus, the quality of the bond should not be assessed based on bond strength 
data alone. The mode of failure and fractographic analyses can provide important 
information to predict the clinical performance of adhesive systems. Future studies 
should also focus on improving surface treatment conditions because of the poor 
adhesion associated with acid-resistant ceramics. 
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Abstract 

An interpenetrating polymer network (IPN) is a material containing two polymers, each in network form. 
In biomaterials used in dentistry, the IPN-like nanostructures are used in denture base polymers, denture 
teeth and fibre-reinforced composites. IPN structures provide the specific and desired properties for the 
resin system prior to and after polymerization. At adhesive interfaces, IPN polymers and composites provide 
good interfacial adhesion for adhering and veneering resin composites based on the so-called secondary-IPN 
bonding formation due to swelling of the IPN nanostructure. Good interfacial adhesion is a requirement for 
the success of modem adhesive dentistry. 

Keywords 

Interpenetrating polymer network, IPN, composites, biomaterials, fibre-reinforced composites 


1. Introduction 

Modem dentistry utilizes polymers and composites in dental treatments. The use of 
natural rubber and thereafter synthetic polymers as denture base polymers started 
in the 1860s. The introduction of a denture base polymer of poly(methyl methacry¬ 
late) (PMMA) occurred in the late 1930s [1], Since then, the thermoplastic PMMA 
denture base polymer has been multiphasic, i.e., it has been made by mixing methyl¬ 
methacrylate monomer liquid and PMMA beads. In free radical polymerization, 
the highly viscous resin dough formed the multiphase denture base polymer. The 
dough-like consistency enabled packing of the resin into the denture moulds and 
reduced polymerisation contraction of the resin. Since the introduction of cross- 
linking thermoset monomers in dentistry by Bowen [2], cross-linking dimethacry¬ 
late monomers became available also for monomer liquids of denture base resins 
and, thus, in multiphase denture base polymers. This can be considered the start of 
the use of IPN-like structures of various kinds in dentistry. 
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Table 1. 

Definitions of mixed polymers [3] 


Name of mixture Description 


Polymer blend 


Graft polymer 

Copolymer 
Interpenetrating 
polymer network 
(IPN) 


One or more polymers are mixed together without a resulting strong chem¬ 
ical bonding between the phases, and in such a way that the phases be 
separated from each other 

Strong chemical bonding between some portion of polymer I and the end of 
polymer II 

Strong chemical bonding of the end of polymer to the end of polymer II 
Polymers I and II are at least partially interlaced at molecular level but are 
not covalently bonded to each other, and cannot be separated unless chemi¬ 
cal bonds are broken 


IPNs were used for the first time in 1914 by Alysworth, who combined phenol- 
formaldehyde compositions with natural rubber and sulphur to make the first 
rubber-toughened plastic. By definition, an IPN is a combination of two or more 
polymers in network form that are synthesized in juxtaposition [3]. IPNs do not in¬ 
terpenetrate by chemical reactions on a molecular scale, but are composed of finely 
divided phases of 5-10 nm. IPNs differ from polymer blends which are less ho¬ 
mogeneous in structure. They differ from copolymers which are based on chemical 
reactions of monomers and polymer backbones (Table 1). The rationale for using 
IPNs instead of homopolymers and copolymers is in the improved handling proper¬ 
ties, toughness and mechanical interlocking at nanometer level of resin adhesives to 
IPN-like polymers and composites. The interlocking of resin adhesives to polymers 
and composites plays an important role in the clinical success of dental treatments 
carried out with composite resin restorations. The bonding of resin adhesives to a 
composite (particulate filler or fibre-reinforced composite) transfers stresses from 
the restoration to the teeth. Without adequate interlocking of materials, the loads 
and stresses debond the restoration and the treatment fails. 

Currently, the IPN-like structures can be found in nanostructures in denture base 
polymers, denture teeth, fibre-reinforced composites (FRCs), and very recently, in 
the restorative composite resins [4—9] which are described and discussed in this 
review. Structurally, several adhesive interfaces between natural and synthetic bio¬ 
materials and adhesive resins by means of primers or coupling agents can also be 
considered IPNs. Examples of these are the dentine bonding hybrid layer and the 
silane coupling agent-promoted adhesive interphases between metal and cera mi cs 
and adhesive resins. 

2. IPNs 

There are several kinds of IPNs which differ in terms of structure. These include: 

- sequential IPN 
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- gradient IPN 

- thermoplastic IPN 

- semi-IPN 

- simultaneous IPN. 

The dental IPN structures are semi-IPNs in which one or more polymers are 
cross-linked, and one or more polymers are linear or branched. More precisely, 
the IPNs belong to the group of non-covalent semi-IPNs where only one of the 
polymer systems is cross-linked, in contrast to non-covalent full IPNs in which the 
two separate polymers are independently cross-l ink ed. Dimethacrylate monomers 
or multifunctional monomers and dendrimers form the cross-linked part of the 
semi-IPN, while the monofunctional MMA forms the non-cross-linked part of the 
semi-IPN system. In dental semi-IPNs, due to the fabrication processes of dental 
materials and devices, the MMA is first polymerized and then swelled and dissolved 
by the monomers of the cross-linker system, or with a separate solvent. In polymer¬ 
ization of the cross-linking monomers in the presence of swelled and dissolved 
polymer chains of the PMMA, a semi-IPN structure is formed. The components of 
current dental semi-IPNs are, therefore, not cross-linked from monomers as in the 
IPNs according to the definition of the IUPAC (International Union of Pure and Ap¬ 
plied Chemistry). However, the dental IPNs fulfill the structural requirements of the 
IUPAC for the IPN, i.e., the IPN swells but does not dissolve into solvents, the two 
polymers are not phase separated, and the polymers are interlaced on a molecular 
level. 

In dental IPNs, solid PMMA is often used in powder form in denture base 
resins and in porous polymer form in preimpregnated glass-fibre reinforce¬ 
ments [10]. Depending on the capability of dimethacrylate monomers like bis- 
phenol-A-diglycidyldimethacrylate (bisGMA) or triethyleneglycol dimethacrylate 
(TEGDMA), or ethyleneglycol dimethacrylate (EGDMA) to swell and dissolve 
the PMMA, the contact wetting time of the liquid dimetharylate monomers, and 
the temperature, and the penetration depth of the cross-linking monomers into the 
PMMA, the semi-IPN varies. After polymerization, two or three of the following 
phases occur: cross-linked matrix, semi-IPN phase and linear polymer phase. Thus, 
the whole polymer is not necessarily a semi-IPN, but there are nano or microstruc¬ 
tures of semi-IPNs in the polymer or composites. 

Although the IUPAC Comission on Macromolecular Nomenclature has not given 
a statement on the nomenclature of IPNs, the above-mentioned semi-IPN made of 
bis-GMA and PMMA can be written as [3] 

nef-poly(methyl methacrylate)-mter-nef-poly(bis-glycidyl-A-dimethacrylate), 

which is a semi-IPN made of PMMA beads and bis-GMA monomer. If the cross- 
linking monomer system is diluted by another monomer, like TEGDMA, in order 
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to achieve a copolymer for the cross-linked polymer, the semi-IPN is written as: 
net-poly(methyl methacrylate)-z'nter-nef-copoly(bis-glycidyl-A- 
dimethacrylate)-triethyleneglycol dimethacrylate. 

For IPN formation, certain requirements have to be fulfilled to differentiate the 
IPN from polymer blends. If the IPN is made of photopolymerizing dimethcarcy- 
late monomers and monofunctional methacrylates, the polymerization could oc¬ 
cur simultaneously, but without the formation of copolymer of the dimethacry¬ 
late and monomethahacrylate. Because of the generally known low reactivity of 
monofunctional methacrylates in photoinduced free radical polymerization, the 
monofunctional methacrylates first need to be prepolymerized by other means. By 
mixing polymerized monofunctional methacrylates and cross-linking dimethacry¬ 
lates, a polymer blend is obviously formed, unless the cross-linking dimethacry¬ 
late monomers, or other solvents, swell and dissolve the monofunctional polymer, 
which results in molecular-level interlacing and IPN formation. 

For interlacing, the solubility parameter of the solvent monomer should match 
the solubility parameter of the polymer phase. It was known hundreds of years 
ago by Paracelsus that similia similibus solvuntur, like dissolves like. Qualitatively, 
‘like’ may be defined variously in terms of similar chemical groups or similar polar¬ 
ities in the molecular structure. Quantitatively, the solubility of one component in 
another is governed by the equation of free energy of mixing, and, as a result, there 
will be an increase in the entropy [11]. The solubility parameter of a polymer can be 
determined by swelling experiments or by measuring the intrinsic viscosity of the 
polymer in the solvents. Values for the solubility parameter can be calculated; the 
unit of solubility parameter (S) is (cal/cm 3 ) 1 / 2 . The solubility parameter for PMMA 
is 9.45 (cal/cm 3 ) 1 / 2 , for MM A 8.8 (cal/cm 3 ) 1 / 2 , for solvent tetrahydrofuran (THF): 
9.1 (cal/cm 3 ) 1 / 2 , and for solvent acetone 9.9 (cal/cm 3 ) 1 / 2 . In comparison to these 
good solvents for PMMA, the solubility parameters of poor solvents for PMMA are 
water (5 = 23.4 (cal/cm 3 ) 1 / 2 ) and methanol (5 = 14.5 (cal/cm 3 ) 1 / 2 ). 

A polymer dissolves in two stages. First, solvent molecules diffuse into the 
polymer, swelling it to a gel state. Then the gel gradually disintegrates and the 
molecules diffuse into the solvent-rich regions. Linear amorphous polymers can be 
fully dissolved whereas cross-linked polymers may reach the gel state but they do 
not dissolve. The concentration of the final solution depends on the relative pro¬ 
portions of polymer and solvent. The molecular size of the solvent needs to allow 
diffusion into the interchain spacing of the polymer, which in typical engineering 
polymers varies between 5 and 10 A. 

3. Denture Base Polymers and IPN Structure 

Polymers used in baseplates of complete dentures and removable partial dentures, 
as well as in extension bases of metal framework removable partial dentures, are 
made of denture base polymers. Denture base polymers are mixed from PMMA 
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powder (typically M w : 200000, particle size: 50 pm) and methyl methacrylate 
monomer (MMA) liquid. The monomer system contains on average 10 wt% of 
cross-linking dimethacrylate monomers like EGDMA. Before polymerization, the 
MMA dissolves the PMMA beads only from the surface, or entire beads. The de¬ 
gree of dissolution or swelling depends on the contact wetting time with MMA in 
its liquid form, i.e., as a solvent capable of dissolving the PMMA beads. In heat- 
cured denture base resins, the dough time of 30-60 min allows PMMA beads to be 
almost fully dissolved by the monomers; whereas in autopolymerizing denture base 
resins, the polymerization reaction is initiated within a few minutes from mixing the 
powder and liquid, and putting the initiator and activator together. By rapid solid¬ 
ification of the monomers of the autopolymerizing resins, the penetration depth is 
limited to a few micrometres. However, in both cases, the monomer system con¬ 
taining the cross-linking agent partly or fully dissolves the linear PMMA beads and 
forms a semi-IPN structure once it is polymerized. 

The semi-IPN structure of denture base polymers increases their creep resis¬ 
tance [12, 13]. In comparison with heat-cured and autopolymerized denture base 
polymers, the heat-cured polymers have higher mechanical strength and creep resis¬ 
tance than the autopolymerized polymers. The average critical strain values, which 
correlate with the ultimate failure values, were increased by adding cross-finking 
monomers to the denture base polymer. This demonstrates the effect of the semi- 
IPN structure in the interphase of the PMMA beads and the cross-linked matrix on 
improving mechanical strength. On the other hand, semi-IPN in the denture base 
polymer does not influence water sorption but increases the solvent resistance [14]. 

In repairs of fractured pieces of acrylic polymers of linear or semi-IPN type, the 
adhesion of new resin is also based on dissolving the pieces of denture base polymer 
by monomer systems of the repair acrylic resin. It has been shown that the wetting 
time of the acrylic surface with the repair resin is of importance for achieving the 
swelling and dissolving of the surface of the denture base resin [15]. A three-m in ute 
contact wetting time of the denture base polymer of semi-IPN type with the MMA- 
EGDMA monomer system results in durable adhesion of the repair resin to the 
pieces of denture base polymer. The bonding mechanism is called secondary-IPN 
formation to differentiate it from the semi-IPN structure of the actual substrate ma¬ 
terial. Requirements for the secondary-IPN formation are swelling of the substrate, 
and interlacing of the polymer chains of the repair resin and the old resin together. 
In this context, the MMA fulfills the requirements for a good solvent for PMMA. 

There are two kinds of denture base polymers classified according to the ini¬ 
tiation of the polymerization reaction. These are heat-cured and autopolymerized 
denture base polymers. They differ in terms of the homogeneity of the semi-IPN 
structure and the quantity of residual monomers in the polymer. Heat-cured denture 
base polymers are more homogeneous due to the longer dough time of the powder- 
liquid mixture before polymerization than of the autopolymerized polymers. The 
PMMA beads in the denture base polymer are predominantly attached to the matrix 
by a semi-IPN layer. However, at higher temperatures (above 70°C) in the heat- 
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cured denture base resins, the PMMA beads are also bonded to the matrix from 
MMA by chemical means involving unsaturated double bonds in the PMMA back¬ 
bones after the termination stage of the polymerization reaction in manufacturing 
the beads. The quantity of residual monomers in the denture base polymer is around 
0.2 wt% in heat-cured polymers and ca. 4 wt% in autopolymerized polymers [15]. 
Three factors, the homogeneity of the semi-IPN structure, the quantity of residual 
monomers in the denture base polymer and the polymerisation temperature have 
been shown to affect the formation of the secondary-IPN between the repair acrylic 
resin and the denture base polymer. Autopolymerized denture base polymers al¬ 
low monomers of the repair acrylic resin to penetrate more deeply, thus forming a 
thicker secondary-IPN layer between the repair resin and the denture base polymer. 

During swelling of the polymer surface, the diffusion of monomers takes place in 
two directions: the monomers of the repair resin to the polymer and vice versa [3]. 
The rate of diffusion of small molecules like MMA is faster than that of PMMA. If 
the polymer is glassy, like PMMA at room temperature or at mouth temperature, the 
MMA lowers the glass transition temperature (T g ) of the PMMA by a plasticizing 
action. The rate of diffusion is, therefore, related to the T g of the polymer. A linear 
relationship exists between the time and rate of diffusion at temperatures below the 
7g of a polymer [11], 

The T g value for heat-cured PMMA powder varies from 117°C to 122°C, 
whereas the T g of the matrix between the PMMA beads varies from 97°C to 100°C 
[17]. The Tg of the autopolymerized PMMA is substantially lower, varying from 
67°C to 78°C. Therefore, the swollen secondary-IPN layer is thicker in the au¬ 
topolymerized denture base polymers than in the heat-cured polymers. This enables 
easier secondary-IPN bonding of repair acrylic resin to the denture base polymer in 
the case of autopolymerized denture base polymer than with heat-cured polymer. 
On the other hand, it needs to be emphasized that denture base polymers, regard¬ 
less of whether they are heat-cured or autopolymerized, provide a good adhesive 
substrate for repair acrylic resins, which is not the case with cross-linked polymers 
and composites. Examples of cross-linked composites are composite dental fillings 
and prefabricated fibre-reinforced composite root-canal posts which do not allow 
secondary-IPN formation and, thus, adhere with difficulty to adhesive resins. 

4. Denture Teeth and IPN Structure 

The composition of acrylic resin polymer teeth is essentially poly(methyl methacry¬ 
late) beads and colour pigments in a cross-linked polymer matrix. There is a semi- 
IPN layer between the PMMA bead and the cross-linked matrix. The cross-finked 
polymer matrix of a good quality tooth is usually not evenly distributed in the tooth 
structure. For example, the gingival ridge-lap area may not be as highly cross-linked 
as the incisal or occlusal area of the tooth. The less cross-linked structure in the area 
of the ridge-lap facilitates better bonding of the polymer tooth to the denture base 
polymer by secondary-IPN formation. Moreover, the cores of the PMMA beads, 
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(a) (b) 


Figure 1 . SEM micrographs of fractured bonding surfaces of polymeric denture teeth that have been 
bonded to (a) a heat-cured denture base polymer and (b) to an autopolymerized denture base polymer. 
Note how the intact linear polymer phase in the centre of the PMMA bead into the denture base 
polymer has formed the secondary-IPN structure (Bar = 100 pm) [9]. 


which have not been affected by the monomers of the matrix, i.e., have not formed 
a semi-IPN structure, are appropriate sites for the denture base resin to bond. This 
was clearly demonstrated by a scanning electron microscopy study which showed 
good bonding of the denture base resin to the linear polymer cores of the PMMA 
beads of denture teeth (Fig. 1) [9]. 

The bonding of denture base resin to the denture teeth occurs via secondary-IPN 
formation. In the case of denture base polymer and tooth bonding, the polymer¬ 
ization activation temperature plays a significant role because of the relationship 
between the temperature and the rate of diffusion. It is known that heat-cured den¬ 
ture base polymers bond better to the denture teeth than autopolymerizing denture 
base polymers (Fig. 1). The activation of intiators of heat-cured resins occurs at 
temperatures above 75 °C up to 100°C when the bezoyl and phenyl radicals are 
formed to initiate polymerization of the resin. On the other hand, activation of the 
radical formation from initiator benzoyl peroxide in autopolymerized denture base 
resins occurs at lower temperatures with the help of amine activators. Typically, the 
polymerization temperature is around 45°C. 

It has been shown that the polymerization activation temperature affects the 
bonding of the denture base polymer to denture teeth. At higher temperatures, re¬ 
gardless of the type of denture base polymer (heat-cured or autopolymerized), the 
bond strengths are increased. This was shown to be due to the deeper penetration of 
the monomers of the denture base polymers into the denture teeth, showing thicker 
secondary-IPN layer formation, which resulted in the higher bond strength values. 
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The critical polymerization temperature to avoid adhesional failures between the 
denture base polymer and denture teeth is 55°C [9]. 

5. Fibre-Reinforced Composites and IPN Sturucture 

One new group of non-metallic dental biomaterials is fibre-reinforced composites 
(FRCs) which were first tested as a reinforcement of denture bases in the early 
1960s [18]. In principle, an FRC could even then have offered already a durable 
and tough tooth-coloured material for several applications by combining it with 
Bowen’s resin. Because there were some problems in combining the resin systems 
with reinforcing fibres and there were difficulties in handling the FRC clinically 
and technically, the material was not made available until recently. Development 
of the FRCs with new types of resins systems and an understanding of the design 
principles behind the devices have led to the use of FRCs in a variety of disciplines 
and applications: in removable prosthodontics, restorative dentistry, periodontol- 
ogy, orthodontics, and in repairs of fractured porcelain veneers [19-29]. An FRC 
is a material combination of polymer matrix and reinforcing fibres. The fibres of 
the composite reinforce the phases when the load is applied to the composite. Load 
is transferred to be carried by the fibres. The reinforcing fibres can be continuous 
unidirectional (rovings), continuous bidirectional (weaves), continuous random ori¬ 
ented (mat), or short random-oriented fibres. 

Of the many types of fibres, the clinically most suitable have been proved to be 
glass fibres which can be silanized and, thus, adhere well to the resin matrix of 
the FRC [30-32], Glass fibres vary according to their composition, the most com¬ 
monly used fibre being E-glass (electrical glass) which offers a chemically stable 
and durable glass in the pFI range 4-11 [33]. 

In dental appliances of relatively small size, the quality of the load-bearing FRC 
substructure is important. For example, an FRC-reinforced root-canal-post system 
consists of dentine, composite resin cement, a core built-up composite resin and, 
as a load-bearing material, there is the FRC root-canal post. All these phases need 
to have adequate strength, and the phases need to adhere well to each other. By 
increasing the fibre quantity in the resin matrix, the strength of the FRC and the 
flexural modulus are increased. An important parameter responsible for the strength 
of the FRC is impregnation of the fibres with resin. Reinforcing fibres are difficult 
to impregnate with resin systems of high viscosity [34-36]. 

Such highly viscous resin systems are especially those made from a mixture of 
polymer powder and monomer liquid which are used in denture bases, provision¬ 
ally fixed partial dentures, and removable orthodontic appliances, or those made of 
light-curing resins and particulate fillers. The resin impregnation of fibres by the 
manufacturers is recommended to ensure complete impregnation of the fibres by 
the resin in mechanically demanding dental applications. The complete impregna¬ 
tion of fibres by the resin allows the resin to come into contact with every fibre. If 
complete impregnation is not achieved due to the high viscosity or polymerisation 
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shrinkage of the resin, the mechanical properties of FRC do not reach the optimal 
values as calculated by the laws of mixture. 

Two types of resins, the cross-linked (thermoset) or linear (thermoplastic) poly¬ 
mer matrix, can be used in FRCs. The cross-li nk ed matrix is formed from mul¬ 
tifunctional or dimethacrylate resins, whereas monofunctional methacrylates form 
the linear (non-cross-linked) polymer matrix. There are also impregnation meth¬ 
ods based on using a combination of thermoset and thermoplastic types of resins. 
The polymer matrix is multiphase in nature, and it is a semi-IPN having the cross- 
linked polymer and the linear polymer mixed together. The semi-IPN forms in 
the polymerization of the dimethacrylate monomers with swelled linear polymer 
poly(methyl methacrylate) (PMMA). The modulus of elasticity of the cross-linked 
polymer matrix FRC is higher than that of the se mi -IPN or linear polymer ma¬ 
trix FRC [37-39], On the other hand, linear and semi-IPN polymer matrices pro¬ 
vide greater toughness than FRCs made of cross-linked thermosets. The semi-IPN 
polymer matrix of FRC provides benefits over the cross-linked dimethacrylate or 
epoxy-type of polymer matrices in handling properties and in the bonding of den¬ 
tal laboratory made restorations and root-canal posts to resin-luting cements and 
veneering composites [40]. Figure 2 shows the bonding of composite resin-luting 
cement to root-canal posts with a cross-linked or se mi -IPN resin matrix. 

The adhesion of particulate filler composite (PFC) resin (resin-luting cement, 
veneering composite) plays an important role in the load transfer from the surface 
of the device to the FRC framework and tooth. FRC as a bonding substrate con¬ 
tains different types of materials, from polymers to inorganic glass-fibre fillers and 
even particulate fillers. The internal adhesion of the FRC, influencing its cohesional 
strength, is based on the bonding of the fibres to the matrix polymer. In this respect, 
the most suitable fibres are of the OH-group containing glass and silica fibres which 
can be silanated to produce the adequate adhesion to the polymer matrix [30-32], 



(a) (b) 


Figure 2. SEM micrographs of the surface of an FRC root-canal post after being pushed out from the 
composite resin-luting cement. Post with (a) semi-IPN polymer matrix and (b) cross-linked matrix. 
Note good bonding of cement to semi-IPN post by secondary-IPN bonding mechanism and poor 
bonding to cross-linked post [40]. 
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Less suitable fibres are ultra-high molecular weight polyethylene (UHMWP) fibres 
which have been proved to be difficult to adhere to resins even though the fibre 
surface has been activated with, e.g., various types of high energy treatments [41]. 

In bonding new resin to FRC, exposed fibres and polymer matrix are the sub¬ 
strates for adhesion. If the fibres of the FRC are exposed on the bonding surface, 
the adhesional properties of the fibres themselves play a role in adhering the adhe¬ 
sive resin and composite resin-luting cement to the FRC: glass fibres can be adhered 
to PFC (particulate filler composite) by silanation. Due to the cross-linked nature 
of the polymer matrix of most dental FRC materials, there are two possibilities to 
obtain adhesion of the PFC to the FRC. These are mechanical interlocking, and ad¬ 
hesion based on the ongoing polymerisation of the resin matrix of the FRC. If the 
FRC contains non-cross-finked polymer phases, i.e., they are made of thermoplas¬ 
tics or semi-IPN polymers, the adhesion can also be achieved via secondary-IPN 
formation by diffusion of the monomers of the new resin or resin composite into 
the non-cross-linked polymer matrix (Table 2) [6, 42]. This requires that the solu¬ 
bility parameter of the linear polymer is close to that of the monomer system of the 
PFR. In polymerisation of the resin, an adhesion bond based on a secondary-IPN 
structure is formed. 

The adhesion of PFC to directly made (in patient’s mouth) or chair-side-made 
FRC differs from that of FRC made indirectly in the dental laboratory. It is known 
that in the polymerisation of resins and resin-based composites or FRCs in air, 
a non-polymerised surface layer, the so-called oxygen inhibited layer, is formed 


Table 2. 

Summary of the bonding mechanisms for composite resin-luting cements to the FRC root-canal post 


Type of post 

Type of fibre 

Type of polymer 
matrix 

Bonding 

mechanism 

Prefabricated 

Carbon/graphite 

Cross-linked 

- Mechanical retention 

Prefabricated 

Glass or quartz 

Cross-linked 

- Mechanical retention 

- Silane-promoted adhesion 

Individally formed 
(laboratory made) 

UHMWP 

Cross-linked 

- Mechanical retention 

Individually formed 
(laboratory made) 

Glass or quartz 

Cross-linked 

- Mechanical retention 

- Silane-promoted adhesion 

Individually formed 
(laboratory made) 

Glass 

Semi-IPN 

- Mechanical retention 

- Silane-promoted adhesion 

- Secondary IPN adhesion 

Individually formed 

UHMWP, Glass 

Cross-linked 

- Mechanical retention 

(chair-side made) 

or quartz 

Semi-IPN 

- Silane-promoted adhesion 

- Secondary-IPN adhesion 

- Free radical polymerisation 
based adhesion 
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on the surface [43]. PFCs can adhere to this layer by free radical polymerization 
of the PFR and form a durable bond. However, with indirectly made restorations, 
old restorations and prefabricated FRC root-canal posts, a durable bond between 
new resins and the polymer matrices of the composites can be achieved by the 
introduction of a linear or semi-IPN polymer matrix into the polymer matrix of the 
composite [44, 45]. 

6. Conclusions 

Interpenetrating polymer network (IPN) structures of two or more polymers are 
utilized in dental polymers and composites, although the processing of the IPNs 
may vary from that generally used in polymer chemistry. Interlaced polymers at 
the molecular level of dental IPNs provide increased toughness for the polymer 
and allow the bonding of additional resins to the IPN-containing polymer via a 
secondary-IPN mechanism, i.e., interlacing the polymeric materials together. 
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Resin Bonding to Oxide Ceramics for Dental Restorations 
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Abstract 

Bonding to silica-based dental ceramics using etching techniques and silanization is well established, but 
for bonding of dental oxide ceramics with little or no silica no particular method is generally accepted. 
Therefore, the purpose of this review is to summarize the current knowledge on bonding to dental oxide 
ceramics. Approved bonding methods to dental oxide ceramics require first cleaning, roughening and chem¬ 
ical activation through air-abrasion by pure alumina or silica-coated alumina particles. Secondly, chemical 
coupling agents such as phosphate monomers or silanes are used depending on the surface composition after 
air-abrasion. Although a large number of laboratory bonding studies on dental oxide ceramics exist, clinical 
long-term studies on bonded oxide ceramic restorations without mechanical retention are still needed to 
prove whether laboratory bonding methods provide long-term durable adhesion under clinical conditions. 

Keywords 

Adhesion, alumina, ceramic primer, dental oxide ceramics, silica coating, zirconia 


1. Introduction 

In dentistry silica-based ceramics have been used for dental restorations reinforced 
with metal substructure and luted to the teeth with conventional cements for decades 
[1-4]. Using adhesive luting techniques silica-based ceramics have also been used 
for all-ceramic restorations without metal substructure since the 1970s. Due to high 
content of silica in these ceramics, organosilanes have been successfully used to 
promote the bond between the silica ceramic and the luting resin usually after 
roughening the ceramic surface by hydrofluoric acid etching or airborne particle 
abrasion [5]. 

Only at the beginning of the 1990s oxide ceramics which contain only little or 
no silica were introduced into restorative dentistry. By definition oxide ceramics 
contain less than 15 wt% silica and only a small or no glass phase [6]. Dental oxide 
ceramics were first glass-infiltrated or densely sintered alumina ceramics, followed 
by zirconia reinforced glass-infiltrated alumina ceramic, and since the turn of the 
century numerous densely sintered zirconia ceramic systems have been introduced 
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Table 1. 

Typical composition of popular dental oxide ceramics in wt% 


Product names 

Oxides Glass-infiltrated oxide ceramics Glass-free oxide ceramics 

In-Ceram In-Ceram In-Ceram In-Ceram DCS Zirkon 3 Cercon 6 


Alumina Zirconia Spinell 2000 AL 1 

Classic 1 Classic 1 Classic 1 






Procera 

Alumina 2 

Cosmopost 5 

In-Ceram 2000 
YZ 1 

Procera 

Zirconia 2 

Zerion 8 

Si0 2 

4-5 

3-4 

3—4 

_ 

_ 

_ 

AI 2 0 3 

82 

57 

61 

>99.9 

- 

- 

Zr0 2 

- 

26 

- 

- 

95-96 

95-97 

MgO 

- 

- 

23 

- 

- 

- 

y 2 o 3 

- 

- 

- 

- 

4-5 

3-5 

La 2 0 3 

12 

7 

6 

- 

- 

- 

Others 

1-2 

6-7 

5-6 

<0.1 

<0.005 

<3 


Data provided by the manufacturers. 1 Vita Zahnfabrik, Bad Sackingen, Germany; 2 Noble Biocare, 
Goteborg, Sweden; 3 DCS Dental, Allschwil, Switzerland; 4 Brasseler, Lemgo, Germany; 5 Ivoclar Vi- 
vadent, Schaan, Liechtenstein; 6 DeguDent, Hanau, Germany; 7 3M Espe, Seefeld, Germany; 8 Etkon, 
Grafelfing near Munich, Germany. 

[7, 8]. Current dental oxide ceramics consist mostly of alumina, magnesia, zirco¬ 
nia and yttria (Table 1). Because of their high strength, oxide ceramics are used as 
frameworks and replacing alloys not only in crowns but also in fixed dental pros- 
theses. In addition, because of their strength, adhesive luting techniques are not 
required for oxide ceramic dental restorations when the abutment teeth provide ad¬ 
equate mechanical retention for conventional cements. 

Nevertheless, adhesive luting techniques for oxide ceramics can provide sig¬ 
nificant clinical advantages over conventional cementation of dental restorations. 
A adhesive luting can provide gap-free restoration margins, minimizing microleak¬ 
age and thereby reducing the risk of secondary caries [9]. In addition, esthetics 
might be improved by using tooth colored transparent resin luting agents as com¬ 
pared to opaque conventional cements. So tooth colored restorative materials, e.g., 
ceramics or composite resins, can be bonded to the teeth without visible cemen¬ 
tation line [10]. Most importantly, adhesive luting does not require retentive tooth 
preparation, which often causes invasive removal of sound tooth structure. So ad¬ 
hesive bonding of oxide ceramics allowed the introduction of new non-invasive 
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treatment modalities for tooth replacement by resin bonding all-ceramic fixed par¬ 
tial dental prostheses to lingual surfaces of teeth adjacent to an edentulous area 
[11, 12]. Furthermore, adhesive bonding might provide stabilization of the remain¬ 
ing tooth structure when oxide ceramics are used for post and core restorations of 
structurally severely compromised teeth after endodontic treatment [13, 14]. Ad¬ 
hesive luting can strengthen the restored tooth through a strong bond between the 
oxide ceramic restoration and the remaining tooth structure [15]. 

However, bonding methods used for conventional silica-based dental cera mi cs 
are not suitable for oxide dental ceramics [16], Etching oxide ceramics with hy¬ 
drofluoric acid does not create adequate surface roughness for resin bonding [17, 
18] (Figs 1^1). In addition, the most often used coupling agent for silica-based 
ceramics, 3-methacryloxypropyltrimethoxysilane (MPS), might help in surface¬ 
wetting on oxide ceramics [17], but it does not promote adequate bonding to 
alumina or zirconia ceramics [19-22]. Therefore, alternative bonding techniques 
are needed to be developed for dental oxide ceramics. Microscopically, densely 
sintered alumina and zirconia ceramics offer very similar bonding substrates which 
are completely free of a glassy phase with grains sintered into a dense and homoge¬ 
neous structure. Chemically, their surfaces consist mainly of either aluminum oxide 
or zirconium dioxide to which specific adhesive monomers seem to bond equally 
well [20, 21, 23, 24], 

Ceramic bonding surfaces conditioned in the dental laboratory should not be 
compromised by clinical try-in of the dental restorations with unavoidable conta¬ 
mination caused by saliva and/or silicone disclosing media. Disclosing media are 
applied to check the internal fit of dental restorations, by revealing the thickness of 
the luting gap and internal contacts between the restoration and the prepared tooth, 



Figure 1. SEM micrograph of the surface of zirconia reinforced glass-infiltrated (In-Ceram Zirconia, 
Vita) alumina ceramic without additional surface conditioning after the fabrication process (magnifi¬ 
cation lOOOx). 
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Figure 2. SEM micrograph of the surface of zirconia reinforced glass-infiltrated alumina ceramic 
(In-Ceram Zirconia, Vita) after additional etching with 9.6% hydrofluoric acid for 3 min (magnifica¬ 
tion lOOOx). No etching pattern is noticeable (surface texture comparable to Fig. 1). 



Figure 3. SEM micrograph of the surface of densely sintered zirconia ceramic (YZ Cubes, Vita) 
after machining without surface conditioning (magnification 5000x). Note the grooves and surface 
irregularities caused by the milling procedure. 


which might prevent the restoration from complete seating. Such contacts are re¬ 
duced prior to cementation by surface grinding. Therefore, ceramic conditioning 
methods applied chair-side in the dental office should be able to remove any sur¬ 
face contamination and should be applicable in short time. 

The purpose of this article is to summarize the current knowledge on bonding to 
dental oxide ceramics. Thus for dental restorations the equally important adhesion 
of the bonding agent to the tooth substrate (enamel-dentine bonding) is not covered 
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Figure 4. SEM micrograph of the surface of densely sintered zirconia ceramic (YZ Cubes, Vita) after 
etching with 9.6% hydrofluoric acid for 3 min (magnification lOOOx). No etch patterns are noticeable 
(surface texture comparable to Fig. 3). 

in this article. A PubMed database search was conducted for in vitro studies pertain¬ 
ing to the resin bond to oxide dental ceramic materials, i.e., alumina and zirconia 
ceramics. The search was limited to peer-reviewed articles published in English be¬ 
tween 1966 and March 2008. Additional references already available in the author’s 
electronic database were included when considered meaningful to the topic. 

2. Bonding Methods for Dental Oxide Ceramics 

Bonding to dental oxide ceramics essentially requires two steps. First, the bonding 
surface should be cleaned of contaminants, roughened to increase the bonding sur¬ 
face and to provide micromechanical interlocking, and activated for chemical bond¬ 
ing. Second, bifunctional molecules which promote chemical bonding between the 
surface oxides and double bonds of the luting resin should be used. Without ade¬ 
quate surface roughening/activation, bonded specimens usually debonded already 
during artificial aging with water storage and thermal cycling [21,23,25,26]. How¬ 
ever, such bonding methods are still recommended by some dental oxide ceramic 
manufacturers [26]. 

2.1. Oxide Ceramic Conditioning Methods 

Ceramic conditioning methods suggested in the literature include hydrofluoric acid 
etching, grinding with diamond burs [22], airborne particle abrasion [19-21, 25, 
27, 28], tribochemical silica coating [19, 27, 29-32], plasma spraying with hexam- 
ethyldisiloxane [22], applying low fusing porcelain pearl layer [22], or a so-called 
selective infiltration-etching technique [33]. While the first four methods can be ap¬ 
plied either in the dental laboratory or in the dental office, the other methods have to 
be used during the manufacturing process, which makes them less suitable for daily 



80 


M. Kern 


practice, especially as intraoral try-in of dental restorations is regularly needed in 
clinical dentistry. 

However, adequate micromechanical retention to oxide ceramics would be ad¬ 
vantageous because without sufficient micromechanical bonding, the chemically 
promoted adhesive bonding is prone to contamination and is, therefore, a technique- 
sensitive process, which might result in some failure rate when carried out in an 
individual clinical setting. In addition, if bonding is solely based on chemical bonds 
but not on adequate micromechanical retention debonding will occur when hydrol¬ 
ysis of water degradable chemical bonds takes place. Therefore, under identical ce¬ 
ramic surface conditions only luting resins containing specific adhesive monomers 
achieved hydrolytically durable bonding to densely sintered alumina and zirconia 
ceramics while resins without adhesive monomers debonded spontaneously during 
artificial aging [20, 21, 23, 25]. 

2.1.1. Airborne Particle Abrasion 

While hydrofluoric acid etching and diamond grinding do not create a microme¬ 
chanical retention on oxide ceramics [25, 28, 34], airborne particle abrasion with 
50-110 pm alumina particles at 0.25 MPa (Fig. 5(a, b)) has been found to be effec¬ 
tive in cleaning and roughening the surface of various dental oxide ceramics [19-21, 
25, 27, 28, 35]. The substance loss caused by airborne particle abrasion does not 
alter the clinical fit of dental oxide ceramic restorations significantly [27]. However, 
it seems important to remove loose particles not firmly attached to the ceramic sur¬ 
face after air-abrasion by ultrasonic cleaning prior to bonding [19-21, 27]. Using 
unconditioned ceramic controls (as produced from manufacturing a dental restora¬ 
tion) after isopropanol cleaning or after cleaning by air-powder-water spraying 
with sodium hydrocarbonate, which is often used for tooth cleaning intraorally, re¬ 
sulted in debonding during artificial aging, even when the same luting agents were 
used which created a durable resin bond to air-abraded surfaces [21, 25, 36]. 

However, currently there is a controversy whether airborne particle abrasion al¬ 
ters the strength of oxide ceramic restorations on a clinically relevant level. While 
some studies showed even a strengthening effect of airborne particle abrasion on 
oxide ceramics [37-40], others reported a strength reducing effect [41-43], There 
are no controlled clinical studies yet showing whether airborne particle abrasion 
influences the clinical outcome of dental oxide restorations negatively. However, a 
long-term study on resin-bonded oxide ceramic fixed partial dental prostheses re¬ 
vealed no deleterious effect of air-abrading on the bonding surfaces of the retainers 
over up to 12 years observation time [12], 

Nevertheless, it might be advantageous to minimize surface defects by using 
smaller particles for air-abrasion and/or reducing the blasting pressure (Fig. 6(a, b)). 
Preliminary laboratory results showed that air-abrasion with 50 pm alumina par¬ 
ticles at 0.05 MPa pressure reduced the surface roughness on zirconia ceramic 
without compromising resin bonding when proper coupling agents were used [44]. 
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(b) 

Figure 5. SEM micrograph of the surface of densely sintered zirconia ceramic (YZ Cubes, Vita) after 
air-abrasion with 50 pm alumina particles at 0.25 MPa for 15 s (magnification 5000 x). (a) Visible dust 
resulting from the air-abrasion was removed by blasting with compressed air. Compared to Fig. 3, the 
increase of surface irregularities is clearly visible, (b) Visible dust resulting from the air-abrasion 
was removed by blasting with compressed air, thereafter the sample was ultrasonically cleaned in 
96% isopropanol. Compared to Fig. 5(a), obviously loose surface particles have been removed by 
ultrasonic cleaning. 

2.1.2. Tribochemical Silica Coating 

Airborne particle silica coating systems (e.g., Rocatec System and Cojet System; 
3M Espe, Seefeld, Germany) were originally developed for conditioning metals 
for bonding by forming a silica layer by air-abrasion with silica-coated alumina 
particles [45]. MPS silane is then applied that bonds chemically to the silica layer 
and creates bonds to the subsequently applied luting resin [46]. This method has 
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(b) 

Figure 6. SEM micrograph of the surface of densely sintered zirconia ceramic (YC Cubes, Vita) after 
air-abrasion with 50 pm alumina particles at 0.05 MPa for 15 s (magnification 5000 x). (a) Visible dust 
resulting from the air-abrasion was removed by blasting with compressed air. Compared to Fig. 5(a), 
the surface irregularities are smaller, (b) Visible dust resulting from the air-abrasion was removed by 
blasting with compressed air, thereafter the sample was ultrasonically cleaned in 96% isopropanol. 
Compared to Fig. 6(a), obviously loose surface particles have been removed by ultrasonic cleaning. 

been used on oxide ceramics with varying results [19-21, 28-30, 35, 47-56]. As 
a general rule, silica-coating provides a stable bonding basis on glass-infiltrated 
oxide cera mi cs [19, 27, 28, 49, 51, 52, 54-56], as the glassy phase is predominantly 
removed by the air-abrasion with silica containing particles and the silica layer can 
mechanically interlock with the surface. 

However, on glass-phase-free oxide ceramics the results are conflicting for silica¬ 
coating, which might be related to the existence of surface porosities and/or the 
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degree of sintering density. So for a pure alumina ceramic (Procera Alumin; No¬ 
ble Biocare, Goteborg, Sweden) which contains surface porosities, silica coating 
followed by silanization provided durable resin bonding [23, 28, 57, 58]. Also for 
some zirconia ceramics, silica coating produced durable resin bonding [29, 35]. 
However, for denser alumina or zirconia ceramic surfaces silica coating seems to 
be less suitable resulting in reduced bond strengths after artificial aging [20, 28,47, 
48, 53, 59] or even in spontaneous debonding during aging [21, 59]. An explanation 
presented in one study was that the silica-coverage originating from the coating par¬ 
ticles appeared, to a large extent, not to be really firmly attached to the hard zirconia 
surface [59]. Therefore, the weakly attached silica layer seems to be the weak link 
when bonding to silica coated densely sintered oxide ceramics. 

Using silica-coated zirconia particles for silica-coating did not improve bonding 
to densely sintered zirconia ceramic as compared to using silica-coated alumina 
particles [48]. However, a recent laboratory study revealed [60] that the operating 
air pressure of the tribochemical silica-coating process had a significant effect on 
bond strength to dental oxide ceramics. When increasing the air pressure of silica¬ 
coating from 0.15 MPa to 0.45 MPa, bond strength to zirconia and alumina cera mi cs 
increased from 11.2 MPa up to 30.5 MPa. However, regarding the suggested delete¬ 
rious effects of airborne particle abrasion [41-431, an increase of operating pressure 
for silica coating might have a conflicting effect on the structural subsurface in¬ 
tegrity of the oxide ceramic and might ultimately reduce the fracture strength of the 
restoration itself. These possible negative side-effects must be taken into considera¬ 
tion before recommending increased operating pressures for silica coating of dental 
oxide ceramics. 

2.1.3. Alternate Surface Conditioning Methods 

Alternate surface conditioning methods might be utilized in the dental laboratory 
during the manufacturing process of the dental oxide restorations to avoid air-borne 
particle abrasion. These surface conditioning methods include plasma spraying 
with hexamethyldisiloxane [22], applying low fusing porcelain pearl layer [22], 
a so-called selective infiltration-etching technique [33], or new patented modified 
ceramic surfaces (NobelBond; Nobel Biocare, Goteborg, Sweden) [61]. In creating 
microretention and/or the bonding basis for silane coupling agents these methods 
seem to be quite effective. However, it remains unclear to what extent the condi¬ 
tioned ceramic bonding surfaces are negatively altered by clinical try-in procedures 
of the dental restorations with unavoidable contaminations or by clinically needed 
surface adjustments to improve the internal fit of the restorations. 

2.2. Chemical Bonding to Oxide Ceramics 

In addition to micromechanical retention though surface roughness, chemical bonds 
between the oxide ceramic surface and the luting agent should be achieved to pre¬ 
vent microleakage which might result in reduced retention and also in discoloration 
of the bonding margins [62], 
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As described above, a frequently used method for chemical bonding to oxide 
ceramics utilizes silica coating followed by MPS silane application as a coupling 
agent between the silica-enriched surface and the luting resin — however with vary¬ 
ing success depending on the oxide ceramic type, operating pressures and silane 
used. Therefore, silica-coating followed by silanization cannot be recommended as 
a general method to achieve hydrolytically stable resin bonding to oxide ceramics 
(see above). 

However, results of numerous laboratory studies with glass-infiltrated alumina 
ceramic and also with densely sintered alumina or zirconia ceramics show that 
phosphate monomer containing composite resins and primers provide a strong 
and durable resin bond to these ceramics if used after airborne particle abrasion 
of the ceramic bonding surface with alumina particles [19-21, 23, 35, 47, 48, 
63-65]. The phosphate monomer promoting chemical bonding to oxide ceramics 
is 10-methacryloxydecyl-dihydrogenphosphate (MDP). This bifunctional molecule 
contains a phosphate ester group which bonds directly to surface oxides and a 
methacrylate group which bonds to the resin m a trix of the luting resin (Fig. 7) 
[66]. The MDP monomer is contained in the luting resins of the Panavia product 
family (auto-curing Panavia or Panavia 21 and dual-curing Panavia F 2.0, all from 

H 2 C ch 3 

V 

c=o 
o' 
ch 2 
h 2 c 

ch 2 

h 2 c( 

ch 2 
h 2 c( 
ch 2 
h 2 c 

ch 2 
H 2 C n 
p 

HO II o 
o 


OH OH OH OH 

I I I _ 

Oxide ceramic j Oxide ceramic 


h 2 c 7 ch 3 

C 

c=o 


HoC 

x c 

H,C 

x c 

h 2 c 

c 

h 2 c 


OH 

I 


OH 

I 


Figure 7. Suggested chemical bonding of the bifunctional phosphate monomer 10-methacryloxyde- 
cyl-dihydrogenphosphate (MDP) to oxide ceramics. 
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Kuraray, Osaka, Japan) and in primers of the same company (Alloy Primer, Clearfil 
SE Bond/Porcelain Bond Activator and Clearfil Ceramic Primer) [23, 44, 67, 68]. 
The last product contains both MDP and MPS silane and, therefore, seems to have 
the potential to act as a universal ceramic primer as it can be used not only on oxide 
ceramics but also on silica-based ceramics [67]. A long-term clinical study on resin- 
bonded fixed partial dental prostheses (retained by bonded lingual veneers of oxide 
ceramic without any mechanical retention) proved the clinical efficiency of bond¬ 
ing using MDP containing resins on air-abraded zirconia ceramic as no debonding 
occurred over up to 12 years of clinical service [12], 

Other luting resins and primers which contain either 4-methacryloxyethyl- 
trimellitate-anhydride (4-META; Superbond C&B, Sun Medical, Kyoto, Japan) or 
phosphorylated methacrylates, such as RelyX Unicem (3M Espe) or Metal/Zirconia 
Primer (Ivoclar Yivadent, Schaan, Liechtenstein) show also promising results when 
used on air-abraded dental oxide ceramics [23, 29, 35, 44, 53, 69, 70]. However, 
in most studies with these bonding systems, the initially achieved bond strength 
decreased during artificial aging significantly. Without air-abrading the ceramic sur¬ 
face prior to bonding, usually debonding occurred during artificial aging. 

Artificial aging with thermal cycling significantly stresses the adhesive joint [71] 
because the expansion coefficients of the bonded materials differ considerably. Den¬ 
tal luting composite resins typically have a coefficient of thermal expansion (CTE) 
of more than 25 x 10“ 6 /°C [72-74], while the CTE is only 11-12 x 10~ 6 /°C for 
tooth structure [75], 7-8 x 10~ 6 /°C for alumina and 9-10 x 10 _6 /°C for zirconia 
ceramics [76, 77]. Therefore, temperature differences during intake of cold and hot 
foods will stress the tooth-cement-ceramic system significantly as the CTE of the 
bonding materials is twice that of the tooth and ceramic materials which results in 
long-term debonding if the bond is not strong and durable. 

2.3. Cleaning Methods After Clinical Try-in 

Finished dental oxide ceramic restorations have to be tried clinically prior to ad¬ 
hesive luting. After clinical try-in, the ceramic bonding surface usually is contami¬ 
nated by saliva, blood and/or silicone fit-indicators. The use of a silicone disclosing 
medium allows the dentist to improve the fit of dental restorations by detecting 
interference spots on the internal restoration surfaces before cementation [78]. 
However, residual organic and silicone contaminants will compromise bonding and, 
therefore, must be removed from the surface before being able to bond chemically 
to the ceramic surface [24, 79-81]. 

Airborne-particle abrasion with alumina particles has always been the most ef¬ 
fective cleaning method, resulting in bonds comparable to the uncontaminated con¬ 
trols when using MDP monomer containing resins for bonding [24, 81]. In contrast, 
water spaying, alcohol and acetone application were ineffective cleaning methods to 
remove organic contaminations. Although phosphoric acid etching provided some 
cleaning effect, it cannot be recommended clinically as airborne-particle abrasion is 
far superior [79, 81]. Therefore it is recommended to use airborne-particle abrasion 
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with alumina particles directly prior to bonding and not to condition the bonding 
surface prior to clinical try-in. 

2.4. Suggested Bonding Methods to Dental Oxide Ceramics 

The partially conflicting results of the above cited laboratory bond strength studies 
show that these in vitro results must be interpreted with caution. Minor variations 
in bonding procedures and aging methods [48, 82] or differences in bond strength 
test methods might influence the obtained results significantly [83-88]. In addi¬ 
tion, possible deleterious effects of conditioning methods on the ceramic restorative 
materials and the manageability in the dental office, e.g. simplicity of removing 
contaminations, must be taken into consideration. 

Therefore, oxide ceramic bonding methods approved in clinical long-term stud¬ 
ies regarding bonding and ceramic failures [12, 89] should be considered first 
followed by bonding methods approved in laboratory studies stressing the bonded 
interface by long-term artificial aging [47, 48]. Lastly, and with caution, bonding 
methods for which conflicting laboratory results have been reported should be con¬ 
sidered. For some bonding methods, e.g., silica coating, the type of oxide cer ami c 
seems to play a significant role. Therefore, such method might be used success¬ 
fully on one but not on certain other oxide ceramics (see above). Based on these 
assumptions and the above review of the literature, bonding methods currently 
recommended for bonding to dental oxide ceramics are listed in Table 2. With addi¬ 
tional confirming data on low pressure air-abrasion it might be possible that in the 
near future the suggested blasting pressure might be reduced to 0.05 MPa. 


Table 2. 

Recommended bonding methods to dental oxide ceramics 


Functional 

First choice 


Second choice 


Third choice 

Cleaning, 

Air-abrasion with 50 pm 

Air-abrasion with 50 pm 

Silica coating by 

Rough- 

alumina particles at 

alumina particles at 

air-abrasion with 30- 

nening. 

0.25 MPa 


0.25 MPa 


110 pm silica-coated 

chemical 





alumina particles at 

activation 





0.25-0.45 MPa 

Chemical 

MDP 

MDP 

4-META or 

Phosphorylated 

MPS silane 

coupling/ 

monomer 

monomer 

phosphorylated 

methacrylates 


bonding 

containing 

containing 

methacrylates 

containing 



luting resin 

primer 

containing 

primer 


Luting 


Any dental 

luting resin 

Any dental lut¬ 

Any dental luting 



luting resin 


ing resin 

resin 


MDP = 10-methacryloxydecyl-dihydrogenphosphate, 4-META = 4-methacryloxyethyl-trimellitate- 
anhydride, MPS = 3-methacryloxypropyltrimethoxysilane. 
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3. Conclusions 

The reviewed literature reveals a vast amount of laboratory bonding studies on 
dental oxide ceramics, while clinical long-term studies on bonded oxide ceramic 
restorations without mechanical retention are rare. However, only clinical trials 
with bonded oxide ceramic restorations without mechanical retention can verify 
whether a specific bonding method can provide long-term durable adhesion under 
humid and stressful oral conditions. 
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Abstract 

Casein phosphopeptide-amorphous calcium phosphate (CPP-ACP) has the ability to enhance enamel and 
dentine remineralisation and thus has been incorporated in new medicaments for such clinical problems 
as tooth hypersensitivity and early carious lesions. The current study investigated whether the application 
of CPP-ACP in the proprietary paste, Tooth Mousse™, would influence the subsequent resin adhesion to 
dentine. Bonding effectiveness was assessed by microtensile bond strength test and scanning electron mi¬ 
croscopy. A three-step etch-and-rinse adhesive (OptiBond FL) or a two-step self-etch adhesive (Clearfil 
SE Bond) was bonded to three groups of dentine surfaces: no treatment; 5 min or 5 days CPP-ACP ap¬ 
plication. The microtensile test was performed and bond strength data were analysed using ANOVA and 
Tukey-Kramer post hoc test. Etching characteristics on respective dentine surfaces and resin-dentine in¬ 
terface were observed under SEM. Bond strengths of Clearfil SE Bond to dentine appeared to be similar 
for all tested groups. OptiBond FL, however, showed lower bond strengths following the application of 
CPP-ACP for both time periods. Under SEM observations, the CPP-ACP treated dentine displayed a layer 
of residue or precipitate attached to the surface after the phosphoric acid treatment. The sectioned speci¬ 
mens also showed the resin-dentine interface with less intertubular linking of resin tags, which could mean 
mineralisauon of these channels, hence preventing resin infiltration. The presence of CPP-ACP on the den¬ 
tine surface, therefore, may compromise bonding effectiveness of etch-and-rinse adhesive system. However, 
CPP-ACP application may be beneficial to the dentine bonding of self-etch adhesive system, as the chemical 
interactions between calcium and functional monomers of the adhesives might be enhanced to some degree. 
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1. Introduction 

Dentine hypersensitivity is a common clinical condition of transient tooth pain asso¬ 
ciated with various exogenous stimuli, e.g., temperature change, osmotic gradients, 
or tactile stimulation [1], The major underlying factor for dentine hypersensitivity 
is exposed dentinal tubules. This clinical condition allows fluid movement within 
the tubules, which results in pressure changes that excite the sensory nerve endings 
in dentine or pulp tissues [2], At present, clinicians have used many materials and 
techniques to manage tooth sensitivity [3, 4], Topical application of calcium phos¬ 
phate is one treatment modality that has been reported to relieve the hypersensitivity 
of dentine [5-7]. 

Casein phosphopeptide-amorphous calcium phosphate (CPP-ACP) is a form of 
calcium and phosphate reservoir when placed onto a tooth surface. By aggregat¬ 
ing calcium and phosphate with milk-derived protein, casein phosphopeptides, 
the CPP-ACP acts as a calcium phosphate delivery vehicle [8]. The CPP-ACP 
complexes release calcium and phosphate ions to maintain a supersaturated envi¬ 
ronment, therefore reducing demineralisation and enhancing remineralisation [8]. 
A number of studies have demonstrated that CPP-ACP can promote remineralisa¬ 
tion of demineralised enamel and dentine surfaces and shows anticariogenic activity 
both in the laboratory as well as in in situ studies [8-12]. It has also been reported 
that, in addition to its remineralising ability, CPP-ACP was able to alleviate dentine 
hypersensitivity [13, 14]. Incorporation of CPP-ACP into dental products is now 
commercially available in several forms such as a topical paste and mouthrinse [11, 
12]. Moreover, addition of CPP-ACP to a temporary luting cement has also been 
advocated to promote the closure of dentinal tubules during the time that the per¬ 
manent restoration is being fabricated in the laboratory [15]. 

Tooth Mousse™ (GC Corp., Tokyo, Japan) is one over-the-counter product con¬ 
taining Recaldent® CPP-ACP in water-based sugar-free cream formulation. Ac¬ 
cording to the manufacturer, Tooth Mousse™ is recommended for daily use at home 
or following clinical treatments, e.g., tooth preparation, in order to reduce tooth 
sensitivity [16], Tooth substrate covered by the precipitation of calcium phosphate, 
however, may possibly affect the subsequent clinical steps, especially adhesive pro¬ 
cedures, as the application of CPP-ACP results in more acid-resistant enamel and 
dentine surfaces [8-10, 12], Variations in the outcome of resin adhesion to CPP- 
ACP treated enamel have been previously stated with the use of a self-etch adhesive 
[17, 18]. However, there is still no published report to document such an effect on 
CPP-ACP treated dentine surface. 

The present study, therefore, aimed to evaluate the effect of CPP-ACP application 
on microtensile bond strengths and micromorphological features of dentine surfaces 
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using two ‘gold standard’ adhesive systems: a three-step etch-and-rinse system and 
a two-step self-etch system. The null hypothesis tested was that the presence of 
CPP-ACP would exert no influence on resin adhesion to dentine. 

2. Experimental 

2.1. Dentine Specimen Preparation 

Intact, non-carious, non-restored human molars extracted as part of a clinical treat¬ 
ment plan for which patients had given prior verbal consent were used for this 
study. The teeth were stored in 0.1% thymol at 4°C and used within approximately 
six months of extraction. The occlusal enamel of each tooth was partially removed 
using a slow-speed diamond saw (IsoMet; Buehler, Lake Bluff, IL, USA) under 
water-cooling. The cut surface was further ground with wet 600-grit silicon carbide 
abrasive paper on a table-top grinding/polishing machine (EcoMet 4; Buehler) until 
all remnants of enamel were removed, exposing flat mid-coronal dentine. 

Adhesive restorative materials and Recaldent® CPP-ACP-containing paste and 
application procedures are listed in Table 1. The teeth were randomly divided into 
three experimental groups: 

• Group 1: No treatment (control). The teeth were bonded with either three-step 
etch-and-rinse adhesive, OptiBond FL, or two-step self-etch adhesive, Clearfil 
SE Bond, according to the manufacturers’ instructions; 

• Group 2: A CPP-ACP-containing paste, Tooth Mousse™, was applied to the 
dentine surfaces and left in place for 5 min as recommended by the manufac¬ 
turer [16]. The teeth were kept in a closed chamber at 100% relative humid¬ 
ity and maintained at ambient temperature during the application time. After 
completion, a copious amount of water was used to rinse off the CPP-ACP- 
containing paste for 10 s and bonded with each adhesive; 

• Group 3: A CPP-ACP-containing paste was applied and left undisturbed for 
5 days to prolong the effect of CPP-ACP on dentine surfaces. The teeth were 
kept in 100% relative humidity and remained in the incubator at 37 °C through¬ 
out the duration of the treatment. The treated dentine surfaces were rinsed with 
water and subsequently bonded with each adhesive. 

Three horizontal consecutive layers of Clearfil AP-X hybrid resin-based com¬ 
posite, each approximately 1 mm thick, were built up and individually light-cured 
for 40 s. Light-polymerisation was performed using a quartz-tungsten halogen cur¬ 
ing unit (Optilux 501; Kerr, Orange, CA, USA) with a light output no less than 
550 mW/cm 2 . The bonded teeth were stored in 37°C distilled water for 24 h. 

2.2. Microtensile Bond Strength Testing 

After storage, each tooth was sectioned perpendicular to the adhesive-tooth in¬ 
terface using a slow-speed diamond saw with water-cooling into approximately 
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Table 1. 

List of materials used in the study 


Material 

Batch number 

Components 

Procedures 

OptiBond FL 

Etchant: 301194 

37.5% phosphoric acid, wa- 

Etch 15 s; rinse 15 s; blot 

(Kerr, Orange, 


ter, silica thickener, dye col- 

with lint-free absorbent pa¬ 

CA, USA) 


orant 

per, leaving the surface vis¬ 
ibly moist 


Primer: 25881 

HEMA, GPDM, PAMM, 
ethanol, water, photoinitia- 

Apply 15 s with light scrub¬ 
bing action; air dry 5 s 


Bond liquid: 25882 

Bis-GMA, UDMA, GPDM, 
HEMA, TEGDMA, ytter¬ 
bium trifluoride, fillers, 
photoinitiators, stabilizers 

Apply and thin with a new 
applicator; light-cure 30 s 

Clearfil SE Bond 
(Kuraray Medical, 
Okayama, Japan) 

Primer: 00539A 

MDP, HEMA, hydrophilic 
dimethacrylate, photoinitia- 

Apply 20 s; air dry 


Bond liquid: 00760A 

MDP, Bis-GMA, HEMA, 
hydrophobic dimethacry¬ 
late, photoinitiators, filler 

Apply and thin with a new 
applicator; light-cure 10 s 

Tooth Mousse 

051005M 

Recaldent® CPP-ACP, 

Apply and leave in place for 

(GC Corp., Tokyo, 
Japan) 


glycerol, D-sorbitol, water, 
sodium carboxymethyl 
cellulose, propylene glycol, 
xylitol, sodium saccharine, 
phosphoric acid, guar gum, 
silicon dioxide, titanium 
dioxide, zinc oxide, ethyl 
paraben, butyl paraben, 
propyl paraben 

either 5 min or 5 days 

Clearfil AP-X 

01112A 

Bis-GMA, TEGDMA, bar¬ 

Apply approximately 1 mm 

(Kuraray Medical, 


ium glass filler, silanated 

thickness increments; light- 

Okayama, Japan) 


colloidal silica, photoinitia¬ 
tors, pigments 

cure 40 s for each increment 


Bis-GMA = bisphenol A diglycidylmethacrylate; CPP-ACP = casein phosphopeptide-amorphous 
calcium phosphate; GPDM = glycerol phosphate dimethacrylate; HEMA = 2-hydroxyethyl 
methacrylate; MDP = 10-methacryloyloxydecyl dihydrogen phosphate; PAMM = phthalic acid 
monoethyl methacrylate; TEGDMA = triethylene glycol dimethacrylate; UDMA = urethane 
dimethacrylate. 

1 mm thick slabs. The tooth was then rotated 90° on the cutting m a ch in e and, 
again, sectioned lengthwise. By this second cut, 6-9 rectangular sticks, with a mean 
cross-sectional area of 1.00 ± 0.03 mm 2 , were obtained from each tooth. The spec¬ 
imens were fixed with cyanoacrylate glue (Model Repair II Blue; Dentsply-Sankin, 
Tochigi, Japan) to the testing jig and stressed in tension at a crosshead speed of 
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1 mm/min in a universal testing machine (EZTest; Shimadzu, Kyoto, Japan). The 
microtensile bond strength was expressed in MPa, as derived from dividing the 
maximum load (N) at the time of fracture by the cross-sectional area of the bonded 
surface (mm 2 ). 

2.3. Scanning Electron Microscopy (SEM) 

After debonding, all fractured specimens were dried, mounted on aluminum stubs 
and gold sputter-coated. The fractured surfaces were observed microscopically us¬ 
ing SEM (JSM-5410LV; JEOL, Tokyo, Japan). Categories of failure modes were 
recorded as: ‘cohesive failure in dentine’, ‘cohesive failure in resin’, ‘failure at 
resin-dentine interface’, or ‘mixed failures’. Mixed failures were further classified 
by their predominant zone of fracture, i.e., dentine, resin, or the resin-dentine in¬ 
terface. 

Additional teeth were used for SEM observations. Dentine surface preparation 
and CPP-ACP treatments were performed as previously described. To observe the 
etching characteristics on respective dentine surfaces, the 37.5% phosphoric acid 
or the acidic primer of Clearfil SE Bond was applied as recommended by the man¬ 
ufacturers. Aqueous 37.5% phosphoric acid obtained from a standard phosphoric 
acid solution was used instead of a commercial etching gel to avoid the precipita¬ 
tion of silica particles on the dentine surface [19]. After application, the phosphoric 
acid was rinsed with water for 15 s; whereas the monomer components of the acidic 
primer were removed by rinsing the specimens with 100% ethanol for 5 min and 
placed in distilled water for further 5 min [20]. The specimens were fixed in 10% 
neutral buffered formalin overnight at 4°C and washed in running water for 15 min, 
then dehydrated in an ascending series of ethanol concentrations (10%, 20%, 30%, 
50%, 70% and 90% ethanol for at least 30 min per step) and three times in 100% 
ethanol. The dehydrated specimens were immersed in hexamethyldisilazane solu¬ 
tion (Merck KGaA, Darmstadt, Germany) for 30 min, placed on a filter paper, and 
dried at room temperature [19]. The specimens were gold sputter-coated and ob¬ 
served using SEM. 

For the investigation of the resin-dentine interface, the teeth were prepared in 
the same manner as for the bond strength measurement. After resin-based compos¬ 
ite build-up and overnight storage in 37°C distilled water, the bonded teeth were 
sectioned occluso-gingivally into halves and embedded in an epoxy resin in order 
to ease manipulation. The sectioned surfaces were ground with a series of increas¬ 
ingly finer silicon carbide abrasive papers under running water and polished with a 
flannel cloth impregnated with a diamond suspension (CAMEO; Leco, St Joseph, 
MI, USA), down to a 1 pm particle size. The specimens were immersed in 5 N 
HC1 for 30 s, followed by immersion in 5% NaOCl for 30 min. Following rinsing, 
the specimens were dried, gold sputter-coated, and the resin-dentine interface was 
observed under SEM. 
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2.4. Statistical Analysis 

Mean bond strengths and standard deviations for each group were calculated and the 
data were analysed using two-way analysis of variance (ANOVA). Comparisons be¬ 
tween and within experimental groups for differences in microtensile bond strength 
were carried out using one-way ANOYA and Tukey-Kramer multiple comparison 
test. The failure mode frequencies were analysed using Fisher’s Exact probability 
test. All statistical analyses were carried out using statistical software system (SPSS 
version 13.0 for Windows; SPSS Inc., Chicago, IL, USA), at a significance level of 
0.05. 

3. Results 

Mean microtensile bond strengths and standard deviations are shown in Table 2. 
None of the specimens debonded before actual testing, denoted as ‘pre-testing fail¬ 
ures’ . Unequal numbers of tested specimens are due to human error in specimen 
handling, or specimen inclusion criteria not being met, e.g., inadequate remain¬ 
ing dentine thickness. Two-way analysis of variance revealed that microtensile 
bond strength results were significantly influenced by the interaction between CPP- 
ACP applications and adhesives tested (p = 0.007). One-way ANOVA and Tukey- 
Kramer post hoc test showed the reduction in dentine bond strengths with OptiBond 
FL following the application of CPP-ACP paste both for 5 min (p = 0.040) and for 
5 days (p — 0.028). There is, however, no statistically significant difference be¬ 
tween the two CPP-ACP treated groups (p — 1.000). For Clearfil SE Bond, no 
statistical difference was detected for all experimental groups (p — 0.728). 

Table 3 summarises the fracture patterns of debonded specimens for all groups. 
No statistically significant difference in failure distributions was found for the spec¬ 
imens bonded using both adhesives (p = 0.146 for OptiBond FL and p = 0.836 for 
Clearfil SE Bond). Following CPP-ACP application for 5 days, OptiBond FL spec¬ 
imens were more likely to have failure pathway in dentine than Clearfil SE Bond 
specimens (p — 0.005). 


Table 2. 

Mean microtensile bond strengths and standard deviations for all specimen groups (MPa) 


Group 

Adhesive 



OptiBond FL 

(No. of specimens tested) 

Clearfil SE Bond 
(No. of specimens tested) 

(1) Control 

(2) 5 min CPP-ACP application 

(3) 5 days CPP-ACP application 

90.6 ±17.5 (18) 

77.4 ± 14.5 (19) a 

77.0 ±11.3 (20) a 

59.9 ± 11.5 (19) b 

60.1 ± 13.7 (20) b 

66.0 ± 11.1 (17) b 

Mean values designated with the sa 

me superscript letters are not 

statistically different (p > 0.05). 
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Table 3. 

Failure mode results as reported in terms of number of specimens for each failure type 


Coup 

OptiBond FL 




Clearfil SE Bond 


1 

2 

3 

4 

5 

6 

1 

2 

3 

4 

5 6 

(1) Control 

8 

0 

4 

4 

0 

2 

8 

0 

6 

0 

1 4 

(2) 5 min CPP-ACP application 

12 

1 

3 

2 

0 

1 

7 

0 

3 

1 

2 7 

(3) 5 days CPP-ACP application 

16 

0 

0 

1 

1 

2 

5 

0 

3 

1 

1 7 


Type 1: cohesive failure in dentine. 

Type 2: cohesive failure in resin. 

Type 3: failure at the resin-dentine interface. 

Type 4: mixed failure involving more than 50% dentine fracture. 

Type 5: mixed failure involving more than 50% resin fracture. 

Type 6: mixed failure involving more than 50% fracture at the resin-dentine interface. 


Regarding the SEM observations of the control group, 37.5% phosphoric acid 
completely removed the smear layer and smear plugs on the dentine surface, expos¬ 
ing patent dentinal tubules and collagen fibril networks (Fig. 1(a)). The formation 
of a resin-dentine interdiffusion zone created by OptiBond FL, which was approxi¬ 
mately 5 pm in thickness, and the penetration of resin into the dentinal tubules could 
be clearly observed (Fig. 1(b)). The acidic primer of Clearfil SE Bond dissolved the 
smear layer on the dentine surface, partially exposing the microporosities of the in¬ 
tertubular dentine (Fig. 1(c)). The resin-dentine interdiffusion zone and resin tags 
were thinner compared with those of OptiBond FF (Fig. 1(d)). 

Figures 2 and 3 display the micromorphological characteristics of dentine sur¬ 
faces and interfaces between resin and dentine after CPP-ACP treatment. There 
was a residual layer, possibly remnant of the CPP-ACP-containing paste, covering 
the dentine surfaces after phosphoric acid application (Figs 2(a) and 3(a)). Surpris¬ 
ingly, no remnants were detected on the dentine surfaces treated with acidic primer 
of Clearfil SE Bond (Figs 2(c) and 3(c)). The resin-dentine interdiffusion zone and 
resin tags could also be discerned for all CPP-ACP treated groups; however, lateral 
branches linking the intertubular resin tags were less likely to be observed compared 
with those seen in the control groups (Figs 2(b), 2(d), 3(b) and 3(d)). 


4. Discussion 

An assessment of bonding effectiveness between adhesives and tooth substrates 
can be performed in many ways. One of the common methodologies for evaluat¬ 
ing the adhesive properties is the interfacial strength determination. Conventional 
bond tests, however, require large bonded surface area of specimens that proba¬ 
bly contains intrinsic defects. As a result, there is a high concentration of stress 
at the flaws during the test, initiating the unfavourable stress distribution patterns 
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Figure 1. Representative SEM images of the specimens with no CPP-ACP treatment (control group), 
(a) Phosphoric acid treated dentine surface. Both smear layer and smear plugs are completely re¬ 
moved, showing patent dentinal tubules, (b) Resin-dentine interface created by OptiBond FL. The 
resin infiltrated zone is approximately 5 pm thick. The resin tags are pronounced after acid-base treat¬ 
ment. (c) Acidic primer treated dentine surface. The smear layer on the dentine surface is removed, 
exposing the intertubular microporosities, (d) Resin-dentine interface created by Clearfil SE Bond. 
The thin resin-dentine interdiffusion zone is observed with lateral branches to the thin resin tags are 
also clearly seen. 


[21, 22], In 1994, the microtensile test was developed to overcome these limitations 
[22], Using specimens with small bonding area, a more uniform stress distribution 
across the interface was reported, which provided reliable information with respect 
to the bonding potential of adhesive systems [21-23]. A number of studies have 
used this methodology, with a variety of specimen designs and fabrications, to eval¬ 
uate the ultimate bond strengths of adhesives to various dental substrates [24-27]. 
Rectangular stick-shaped specimens were used in the current investigation, as this 
design of specimen has been shown to present more homogeneous stress distribu¬ 
tion than other quadrangular specimen configurations, i.e., dumbbell, and hourglass 
shapes [24, 25]. Even though the microtensile bond test is a versatile method, the 
manipulation, however, it requires great care and is technique-sensitive and time- 
consuming [23]. Furthermore, it has also been suggested that the bond strength 
values are influenced, in part, by specimen geometry and the manner of attachment 
of specimen to gripping device [24, 25]. The data from different laboratories, there- 
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Figure 2. Representative SEM images of the specimens following the application of CPP-ACP for 
5 min. (a) Phosphoric acid treated dentine surface. Cross-sectioned tubules show intertubular mi¬ 
croporosities and peritubular collagen fibres. A layer of residual material covering the surface is 
observed, (b) Resin-dentine interface created by OptiBond FL. The thickness of the resin-dentine 
interdiffusion zone is about 5 pm. (c) Acidic primer treated dentine surface. Entrance of dentinal 
tubules and porous intertubular dentine can be seen without residual layer of CPP-ACP-containing 
paste, (d) Resin-dentine interface created by Clearfil SE Bond. The resin-dentine interdiffusion zone 
appears to be very thin with only a few lateral branches being observed. 


fore, might not be directly comparable. Standardisation of the testing methodology 
is yet to be completely defined. 

The results of this laboratory study revealed that dentine bonding of the two 
tested adhesive systems was dependent on the adhesive used and the application 
of CPP-ACP. The microtensile bond strengths of self-etch adhesive, Clearfil SE 
Bond, to dentine following the CPP-ACP treatment remained stable. However, 
those of etch-and-rinse adhesive, OptiBond FL, to dentine decreased following the 
application of CPP-ACP-containing paste. Therefore, the hypothesis that CPP-ACP 
treatment would have no effect on dentine adhesion has to be discarded. 

When the CPP-ACP-containing paste is applied, the protein component readily 
binds to the tooth surface and consequently provides a reservoir of calcium and 
phosphate ions [8-10]. High concentration gradients of these ions on the tooth sur¬ 
face have been reported and, hence, have been correlated with an increase in surface 
hardness due to mineral deposition [8, 28]. Using an ultrasonic device, Yamaguchi 
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Figure 3. Representative SEM images of the specimens following the application of CPP-ACP for 
5 days, (a) Phosphoric acid treated dentine surface. Opening of the dentinal tubules is observed with 
residual particles present on the surface, (b) Resin-dentine interface created by OptiBond FL. The 
resin-dentine interdiffusion zone is about 5 pm thick with only a few lateral branches linking inter¬ 
tubular resin tags are evident, (c) Acidic primer treated dentine surface. The intertubular dentine is 
conditioned, exposing the collagen fibril network, (d) Resin-dentine interface created by Clearfil SE 
Bond. Lateral branches to the resin tags are rarely observed beneath the resin-dentine interdiffusion 


et al. [29] reported that application of CPP-ACP increased the transmission velocity 
of sonic waves in enamel, implying an enhancement of remineralisation tendency. 
Also, only relatively minor changes in the morphological features of enamel after 
im mersion in the demineralising solution have been observed using scanning elec¬ 
tron microscopy [10, 29]. The enamel surface might have been more resistant to 
acid demineralisation following CPP-ACP treatment [8, 10, 12, 28, 29]. Based on 
the concept of enamel bonding, it is widely accepted that the formation of resin 
microtags within the irregular enamel surface is responsible for the principal ad¬ 
hesion mechanism [1, 30]. Reduction in etching capacity of the acid conditioners, 
especially of the mild acidic primer used in self-etch adhesives, on the CPP-ACP 
treated enamel, therefore, might be one possible explanation for the reduction in 
resin-enamel adhesion [17, 18]. 

Similar to enamel, the application of CPP-ACP on dentine surfaces might sup¬ 
press the demineralisation caused by acid treatment [9, 10, 31]. From Fourier 
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Transform Infrared Spectroscopy (FT-IR) investigations, Rahiotis and Vougiouk- 
lakis [9] reported that the percentage of the extent of dentine demineralisation was 
reduced by one-third following CPP-ACP treatment. Deposition of calcium and 
phosphate ions on the dentine surface might have occurred and the subsequent den¬ 
tine might not have been as readily etched by the acid conditioner as in the control 
groups. Interestingly, as clearly seen in the SEM images, deposition of certain ma¬ 
terials on the dentine surface even after the phosphoric acid treatment was evident. 
Such a finding was not observed in the previous studies, possibly because a diluted 
solution of CPP-ACP was used instead of the remineralising paste in the current 
investigation [10, 31]. It is possible that this residual layer is a remnant of the CPP- 
ACP-containing paste, in which some components in the Tooth Mousse™ might 
remain after rinsing off the paste. This feature was believed to have reduced resin 
infiltration into the etched enamel and dentine surface and might have influenced 
the resin adhesion [17]. Furthermore, it was also noted on the sectioned specimens 
that lateral branches linking the intertubular resin tags were less following CPP- 
ACP treatment, which may indicate some mineralisation and occlusion of these 
channels. Dentine bond strength of the etch-and-rinse adhesive decreased with prior 
CPP-ACP treatment and an increased tendency for dentine failure after testing was 
also recorded. These results might indicate that the penetration of resin monomers 
into the filigree of collagen fibres left exposed by acid conditioning was hampered. 
Since the bonding mechanism of etch-and-rinse adhesive system depends primarily 
on the micromechanical interlocking created in resin-dentine interdiffusion zone 
[1, 30], the presence of a layer of residue, together with the reduction in the etching 
effect of phosphoric acid on the CPP-ACP treated dentine, therefore, could have 
influenced the retention of OptiBond FL adhesive. 

For the specimens bonded with Clearfil SE Bond, there were, however, no signif¬ 
icant differences in dentine bond strengths following the CPP-ACP treatments. On 
closer inspection, a slight increase in dentine bond strengths was observed, though 
this was not statistically significant. This finding was unexpected and contrary to the 
previous studies on enamel adhesion [17, 18]. While the mild acidity of the primer 
supplied with self-etch adhesive might not be effective enough to etch enamel, re¬ 
sulting in unfavourable bond strengths, bonding to dentine, on the other hand, could 
reach satisfactory outcomes with the use of self-etch adhesive in spite of the pres¬ 
ence of small hybrid layer and thin resin tags [1, 30]. Besides the micromechanical 
interlocking, chemical adhesion has also been shown to be particularly advanta¬ 
geous as an additional mechanism of dentine bonding with the self-etch adhesive 
system [30, 32], Specific chemical interactions between the functional monomers 
and calcium of the tooth have been demonstrated, and are believed to enhance the 
bonding performance to dentine [32], Application of CPP-ACP might supply fur¬ 
ther calcium to the surface of dentine that may enhance the potential for better 
adhesion. With respect to SEM observations, the collagen fibril network was ev¬ 
ident with no residual CPP-ACP complexes on the acidic primer treated dentine 
surfaces. The disappearance of this residue might be due to the chemical interac- 
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tion with the functional monomer used in Clearfil SE Bond, or possibly because 
the application technique of brushing the surface might have dislodged the residual 
particles. This finding, however, needs to be further investigated. 

The remineralising properties of CPP-ACP have been determined and validated 
for many years. Tooth Mousse™, a topical cream with bio-available calcium and 
phosphate, is recommended for preventive therapy from tooth hypersensitivity, 
treatment of fluorosed teeth, or management of early carious lesions in elderly 
patients or patients with dry mouth [13, 16]. These clinical problems, however, 
sometimes end up with surgical treatments requiring restorative procedures with 
adhesive materials. Selection of materials used and concern for subsequent bonding 
steps should be carefully considered. The current study demonstrated that the prior 
application of CPP-ACP-containing paste to dentine as an auxiliary treatment is un¬ 
likely to affect the subsequent bonding procedures with Clearfil SE Bond self-etch 
adhesive. However, care needs to be taken with the use of OptiBond EL etch-and- 
rinse adhesive. Basically, adhesion to such clinical problems as fluorosed teeth or 
carious dentine also seems promising with the use of self-etch adhesives [26, 27]. 
Preliminary CPP-ACP treatment, therefore, might be of benefit to patients prior to 
the adhesive procedures, if necessary. Further studies into the effect of CPP-ACP on 
resin bonding, however, are required to provide more definitive recommendations 
and determine whether this effect would be legitimate for other self-etch adhesives. 

5. Conclusion 

Prior application of CPP-ACP-containing paste, Tooth Mousse™, to dentine did not 
affect the microtensile bond strength of Clearfil SE Bond self-etch adhesive. How¬ 
ever, significant reduction in microtensile bond strength was shown when OptiBond 
EL etch-and-rinse adhesive was bonded to CPP-ACP treated dentine. 
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Abstract 

This study evaluates the bond strength and related properties of photo-polymerizable, remineralizing amor¬ 
phous calcium phosphate (ACP) polymeric composite-adhesive systems to dentin after various periods of 
aqueous aging at 37° C. An experimental ACP base and lining composite was made from a photo-activated 
resin comprising 2,2-bis[p-(2'-hydroxy-3'-methacryloxypropoxy)phenyl]propane (Bis-GMA), triethylene 
glycol dimethacrylate (TEGDMA), 2-hydroxyethyl methacrylate (HEMA) and zirconyl dimethacrylate 
(ZrDMA); designated BTHZ. An experimental orthodontic composite was formulated from a photo- 
activated resin comprising ethoxylated bisphenol A dimethacrylate (EBPADMA), TEGDMA, HEMA and 
methacryloxyethyl phthalate (MEP); designated ETHM. In both composite series three fillers were com¬ 
pared: (i) freshly precipitated zirconium-modified ACP (as-prepared Zr-ACP), (ii) milled Zr-ACP and (iii) an 
ion-leachable fluoride glass. In addition to the shear bond strength (SBS), work to fracture and failure 
modes of the orthodontic composites were determined. The SBS of the base and lining ACP composites 
appeared unaffected by filler type or immersion time. In the orthodontic ACP composite series, milled ACP 
composites showed initial mechanical advantages over as-prepared ACP composites and produced higher 
incidence of a failure mode consistent with stronger adhesion. After six months of aqueous exposure, 80% 
of specimens failed at the dentin-primer interface, with a 42% overall reduction in bond strength. BTHZ 
and ETHM based ACP composites are potentially effective anti-demineralizing-remineralizing agents with 
possible clinical utility as protective base-liners and orthodontic cements, respectively. The analysis of the 
bond strength and failure modalities suggests that milled ACP composites may offer greater potential in 
clinical applications. 
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1. Introduction 

Calcium phosphate-based restoratives are generally appealing due to their bio¬ 
compatibility. Specifically, amorphous calcium phosphate (ACP)-containing dental 
materials may provide an extended supply of Ca and PO 4 ions needed to re-form 
damaged mineral structures, thus counteracting the recurrent decay that is known to 
develop near the surfaces of teeth in contact with conventional fillings (almost 50% 
of all dental fillings require replacement because of recurrent caries). Such cario- 
static ACP composites may be particularly useful for patients who are susceptible 
to caries as a result of radiation therapy and diseases or medications that cause dry 
mouth. When embedded in polymerized methacrylate matrices and exposed to an 
aqueous environment, ACP releases sufficient remineralizing Ca and PO 4 ions in 
a sustained manner to promote redeposition of thermodynamically stable, apatitic 
tooth mineral [ 1 , 2 ]. 

A problem with dental composites of all types is their inability to resist cracking 
under masticatory stress due to their relatively low strength and toughness. In the 
case of ACP composites the uncontrolled aggregation of ACP particles was identi¬ 
fied as one of the main reasons for a poor interfacial interaction with dental resins 
that contributes to the mechanical instability of these materials [3] and their in¬ 
feriority when compared with silanized glass-reinforced composites. To overcome 
this shortcoming we have focused on developing strategies for improving the ACP 
filler/polymer matrix interfacial properties (and, in turn, composite properties) by 
better controlling the particle size distribution and surface properties of ACP fillers 
or by fine-tuning the resin [4-8]. Formulating ACP base and lining material and 
developing ACP adhesive cements capable of minimizing the demineralization that 
frequently occurs under orthodontic brackets are major goals of this ongoing re¬ 
search. Towards this end, extensive physicochemical studies have been and continue 
to be performed in our group on various ACP polymeric composites. 

In this study, we report on the adhesive properties of experimental, photo- 
polymerizable ACP composites formulated for base and lining and orthodontic 
applications. The first working hypothesis was that bioactive, hybridized ACP filler, 
when used in composites, will not adversely affect the strength of the composite- 
adhesive-dentin bond in comparison with similar glass-filled composites based on 
the same resins after various periods of aqueous immersion. Both as-prepared and 
milled ACP composites were used in this study to assess the possible correlation 
between the ACP particle size and state of agglomeration and the composite adhe¬ 
sive properties. The second working hypothesis was that the improvements offered 
by milling ACP will increase the uniformity at the adhesive-composite interface, 
reduce the incorporation of flaws and aid maintenance of the bond strength over 
longer periods of aqueous immersion. The work to fracture and failure modality of 
de-bonded composites also were utilized to differentiate the more subtle variations 
in mechanical and fracture behavior of these composites. 


2. Materials and Methods 

2.1. Resin Formulations 
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Two matrix resins were formulated from commercially available monomers (Es- 
stech, Essington, PA, USA). The chemical nomenclature and the corresponding 
acronyms used here of the resin and photo-initiator system components are listed 
in Table 1. The compositions of the resins are provided in Table 2. Both BTHZ and 
ETHM resins were photo-activated by the addition of CQ and 4EDMAB (Aldrich 
Chemical Company, Milwaukee, WI, USA) as photo-activator and photo-reductant 
components, respectively, of the photo-initiator system. 

2.2. Synthesis and Physicochemical Characterization ofACP Fillers 

ACP fillers were synthesized following a modified preparation protocol proposed 
by Eanes et al. [9]. The hybridizing agent, ZrOCU was used to introduce zirconia 


Table 1. 

Monomers and components of photo-initiator system employed in the study 


Chemical name 

Acronym 

Type or function 

2,2-Bis[p-(2'-hydroxy-3'- 

Bis-GMA 

Base monomer 

methacryloxypropoxy)phenyl]propane 
Ethoxylated bisphenol A dimethacrylate 

EBPADMA 


Triethylene glycol dimethacrylate 

TEGDMA 

Diluent monomer 

2-Hydroxyethyl methacrylate 

HEMA 

Surface active 

Methacryloxyethyl phthalate 

MEP 

monomer 

Zirconyl dimethacrylate 

ZrDMA 


Camphorquinone 

CQ 

Photo-activator 

Ethyl-4-N,N-dimethylaminobenzoate 

4EDMAB 

Photo-reductant 


Table 2. 

Composition (mass fraction, %) of the resins evaluated in the study 


Component 

BTHZ* resin 

ETHM** resin 

Bis-GMA 

35.5 

_ 

EBPADMA 

- 

62.8 

TEGDMA 

35.5 

23.2 

HEMA 

27.0 

10.4 

ZrDMA 

1.0 

- 

MEP 

- 

2.6 

CQ 

0.2 

0.2 

4EDMAB 

0.8 

0.8 


*■ ** Resin acronyms are obtained by combining the initial letter 
of the acronym for each monomeric constituent of the matrix. 
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into precipitating ACP at a mole fraction of 10% based on Ca content. The resulting 
zirconia-hybridized filler is designated Zr-ACP. To avoid exposure to moisture that 
may lead to the premature conversion of ACP into crystalline apatite, the filler was 
kept over anhydrous calcium sulfate under vacuum (2.7 kPa) until used in compos¬ 
ite formulation (as-prepared Zr-ACP) or after being milled (milled Zr-ACP). The 
amorphous state of the as-prepared Zr-ACP was verified by powder X-ray diffrac¬ 
tion (XRD; Rigaku X-ray diffractometer; Rigaku-USA Inc., Danvers, MA, USA) 
and Fourier-transform spectroscopy (FTIR; Nicolet Magna-IR FTIR System 550, 
Nicolet Instrument Corporation, Madison, WI, USA). Wet ball-milling of Zr-ACP 
powder was performed as follows: 25 g Zr-ACP, 500 g high density ZrC >2 grinding 
balls (diameter = 2 mm; Glen Mills Inc., Clifton, NJ, USA) and 150 ml analyt¬ 
ical grade isopropanol (J. T. Baker, Phillipsburg, NJ, USA) were sealed in the 
grinding jar and milled for 2 h at 400 rpm with rotation direction being reversed 
every 15 min (programmable planetary mill PM100; Retch Inc., Newton, PA, USA). 
Milled Zr-ACP was separated from the grinding balls by sieving and the remaining 
isopropanol was evaporated in a vacuum oven (24 h at 70°C). The dry milled pow¬ 
der was then screened by XRD and FTIR to verify that no detectable conversion 
to apatite had occurred during the milling process, examined by scanning elec¬ 
tron microscopy (SEM), and its particle size distribution (PSD) was determined. 
Fluoride-releasing, strontium glass (Sr-glass) was used as received from the manu¬ 
facturer (Caulk Dentsply, Milford, DE, USA). The particle size distribution (PSD) 
of the fillers was determined using laser obscuration concurrently with a computer¬ 
ized inspection system (CIS-100 Particle Size Analyzer; Ankersmid Ltd., Yokneam, 
Israel). Approximately 3 mg of filler was dispersed in 3 g of ETHM resin and the 
suspension briefly ground with a mortar and pestle to simulate the effect of hand 
spatulation. Five replicate measurements were performed for each filler type. 

2.3. Preparation of Composites 

The photo-polymerizable ACP composite pastes were made by hand-blending the 
BTHZ or ETHM resin (mass fraction 60%) with as-prepared Zr-ACP and milled 
Zr-ACP (mass fraction 40%). Almost double the amount of Sr-glass (mass fraction 
75%) was combined with the resins (mass fraction 25%) to achieve the same consis¬ 
tency of the glass-filled composite pastes. The homogenized pastes were kept under 
a moderate vacuum (2.7 kPa) overnight to reduce the air entrained during mixing. 

2.4. Bonding Protocol 

To test the shear bond strength (SBS) of the experimental composites to dentin 
through an adhesive system, the occlusal surfaces of extracted, caries-free, hu¬ 
man molars were removed and their roots embedded in polycarbonate holders with 
chemical curing poly (methyl methacrylate) tray resin (Bos worth Fastray Powder 
and Liquid, Bosworth Company, Skokie, IL, USA). The exposed dentin surfaces 
were ground flat perpendicular to the longitudinal axis of the teeth with 320 grit sil¬ 
icon carbide paper (Fig. 1(a)). The bonding protocol included the following steps. 
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(a) 


Assembly pinning device 



(b) 


Figure 1. Schematic of bonding protocol (a) and the shear bond strength measurement assembly (b). 
*ACP base-lining composite plus TPH or orthodontic ACP composite alone: **NPG + PMDMA 
(base-lining ACP composite specimens) or PMDMA only (orthdodontic ACP composite specimens). 
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Ground dentin surfaces were first dried, then etched for 15 s with phosphoric acid 
gel (mass fraction H 3 PO 4 38%; Etch-Rite®, Pulpdent Corporation, Watertown, 
MA, USA). The acid was rinsed away with distilled water for 10 s, and a moist¬ 
ened paper towel (Kimwipes®; Kimberly-Clark Global Sales, Inc., Roswell, GA, 
USA) was used to blot the surface to a near-dry condition. Two protocols were used 
to prime the moist dentin surfaces. In the ACP base-lining composite series, dentin 
surfaces were sequentially primed first with N-phenylglycine (NPG; mass fraction 
5%) solution in acetone for 30 s, and then with five consecutive coats of pyromel- 
litic glycerol dimethacrylate (PMGDMA; mass fraction 20%) in acetone solution 
and camphorquinone (CQ; mass fraction 0.028%) as photo-activator. In the ACP 
orthodontic composite series, only one coating of PMGDMA-acetone primer (Den- 
TASTIC UNO, Pulpdent Corporation, Watertown, MA, USA) was applied. Follow¬ 
ing the application of NPG and PMGDMA, or PMGDMA alone, the surfaces were 
air-dried for 10 s to remove acetone and visible-light cured for 10 s (Spectrum Cur¬ 
ing Light, Dentsply Caulk Limited, Milford, DE, USA). A poly(tetrafluoroethylene) 
(PTFE)-coated iris (4 mm in diameter and 1.5 mm thick) that defined the bonding 
area was positioned on the tooth surface, filled by the experimental composite and 
fight-cured for 20 s for the experimental base-liner composites and 60 s for the 
orthodontic composites. ACP base-finer specimens were completed by applying 
a commercial resin-based composite (TPH, Dentsply Caulk, Milford, DE, USA), 
which was cured for an additional 60 s. The assemblies were then exposed to air 
for 5 min to allow further dry-curing at room temperature, after which they were 
immersed at 37°C in either distilled water (ACP base-liner series) or a saliva-like 
solution [10] (orthodontic ACP series) for up to 6 months. 

2.5. Shear Bond Strength (SBS) Measurements 

De-bonding was performed by using the shear test method [11] with a computer- 
controlled universal testing machine (Instron 5500R, Instron Corp., Canton, MA, 
USA). Specimens were placed in the test apparatus and fixed such that their iris sur¬ 
face was flush against the PTFE support block (Fig. 1(b)). The SBS was determined 
normal to the longitudinal axis of the tooth, at a crosshead speed of 0.5 mm/ mi n. It 
was calculated according to the following equation: 

4 P 

sbs^— 2 , ( 1 ) 

where P = applied load at failure and D = diameter of the cured composite as 
defined by the inner diameter of the iris. 

2.6. Fracture Surface Evaluation 

Initial qualitative assessments of specimen fracture surfaces (tooth and iris) were 
made immediately after testing using a stereomicroscope at various magnifications 
(Leica StereoZoom 6 , Leica Microsystems, Wetzlar, Germany), and any observa¬ 
tions regarding the surface condition (i.e., irregularities, general mode of failure) 
were recorded. Tooth and iris surfaces were then digitally photographed (Leica 
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MZ16 Optical Stereomicroscope, Wetzlar, Germany; QCapture Pro, Qlmaging Cor¬ 
poration, Surrey, British Columbia, Canada) and imaging software was used to 
measure the surface areas of different failure modes (ImageJ, National Institutes 
of Health, Bethesda, MD, USA). 

2.7. Statistical Analysis 

Experimental data were analyzed by ANOVA (a = 0.05). Significant differences 
between specific groups were determined by all pair-wise multiple comparisons 
(two-tail t-test; unequal variances). One standard deviation (SD) is given in this 
paper for comparative purposes as the estimated standard uncertainty of the mea¬ 
surements. 


3. Results 

The amorphous character of the as-prepared and un mi lled ACP fillers utilized in 
the study was verified by XRD and FTIR analysis (spectra not shown). Their XRD 
patterns consisted of two diffuse broad bands in 26 — 4—60° region, while the FTIR 
spectra showed wide absorbance bands typical for non-crystalline phosphates in 
the 1200-900 cm -1 and 630-500 cm -1 regions. PSD data (Fig. 2) indicate that the 
milling process reduced the median diameter ( d m ) of ACP by almost 95%, i.e., from 
58.23 ± 14.44 pm for as-prepared Zr-ACP to 3.10 ± 0.88 pm for milled Zr-ACP. 
The Sr-glass filler had a d m of 2.64 ± 0.86 pm and its volume distribution was close 
to that of the milled Zr-ACP. 



0 > fe d? ■S ^ 


Figure 2. Differential volume particle size distributions of as-prepared Zr-ACP, milled Zr-ACP and 
Sr-glass used in the study. Indicated values represent the means of five replicate runs in each group. 
Standard deviation (SD) is indicated by bars. 
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Figure 3. Shear bond strength (SBS) of the base-lining experimental composites (a) and the ortho¬ 
dontic experimental composites (b) as a function of aging time. Indicated are the mean values + one 
standard deviation (SD) for the number of specimens n ^ 7 (a) and n > 5 (b). 


The aging-related changes in the SBS values of the experimental base-lining 
composites (BTHZ resin matrix; Fig. 3(a)) and of the experimental orthodontic 
composites (ETHM resin matrix; Fig. 3(b)) showed identical patterns. All-pair com¬ 
parisons revealed stronger bonds for Sr-glass composite groups compared with both 
types of ACP composite only for the 24 h immersion data. At longer time intervals, 
the differences in mean values between the filler groups were not statistically sig¬ 
nificant. 

The failure analysis by optical microscopy of de-bonded specimens in base¬ 
lining composite group was performed on a limited number of specimens (8/group). 
After 2 weeks of water storage failures occurred predominantly at the dentin- 
adhesive resin interface regardless of the type of the filler. Further study of the frac¬ 
ture surfaces obtained upon de-bonding of the experimental orthodontic composites 
pointed to three distinct modes of failure: cohesive failure within the composite and 
adhesion failures at either the dentin-primer or primer-composite interface. Typ- 
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ical examples of different fracture surfaces are shown in Fig. 4(a-d). The failure 
modes were broken down into two subcategories: complete, in which the fracture 
surface showed only composite or adhesive interface, and dominant, in which the 
fracture surface showed mixed adhesive and composite interfaces, with the majority 
occupied by composite or an adhesive interface. The distinction between complete 
and dominant was made in order to shed light on differences in mechanical behavior 
brought about by the transition from complete to mixed interfacial failures. A break¬ 
down of the observed failure modes for the orthodontic composites is provided in 
Fig. 5. 

A fracture surface common to both complete and most dominant dentin-primer 
failures is illustrated in Fig. 4(a). Regions of visible dentin are denoted as ‘dentin- 
primer interface’. The parallel grinding lines that continue outside of the dotted 
circle that delineates the bond area are referred to as a ‘peel layer’. Fig. 4(b) is 
typical of the primer-composite failure mode. In this type of failure, primer appears 
on the surface in the form of parallel or fanned striations, possibly indicating that the 
primer itself had failed cohesively. Striations are distinguishable from the grinding 
lines by their visibly raised surfaces (grinding lines are shallow enough that areas 
on which they occur appear flat). Aside from containing all three distinct failure 
modes, the bond area shown in Fig. 4(c) shows a region of flat, uniform primer 
surface suggestive of de-lamination at the interface and indicates poor adherence of 
the composite. Fig. 4(d) is representative of a complete cohesive failure, marked by 
the raised, irregular surface of the composite. 

Dominant failure at the dentin-primer interface occurred in 43% of all speci¬ 
mens. The corresponding complete interfacial failures accounted for 22% of the 
observed fracture surfaces. Complete failure at the primer/composite interface ac¬ 
counted for less than 7% of failures, and did not occur at every immersion time. 
The same is true of complete and dominant cohesive failures wi t hin the compos¬ 
ite, which accounted for 5% of the observed failures. However, cohesive failures 
occurred only for Sr-glass composites, with the SBS of complete cohesive fail¬ 
ures consistently in the top 15% of all treatments at corresponding immersion 
times. 


4. Discussion 

To obtain a dental resin with a tractable viscosity for composite formulation we 
have included into BTHZ formulation considerable amounts of the more flexible 
TEGDMA and HEMA (an adhesion-to-dentin-promoting co-monomer). The addi¬ 
tive ZrDMA was included to improve inorganic-organic interface coupling. The 
fluid nature of BTHZ plus the intensified hydrogen bonding that occurs in matri¬ 
ces with relatively high HEMA contents (BTHZ resin contained mass fraction of 
27% HEMA) favor formation of highly-converted, densified polymeric matrices 
[12] that also may have an important role in determining the bonding properties of 
their composites. 
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Figure 4. Typical examples of an adhesion failure at the dentin-primer interface (a), failure at the 
primer-composite interface (b), adhesion failure at both interfaces, as well as cohesive failure within 
the composite (c) and a cohesive failure within the composite (d). 
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Figure 4. (Continued.) 
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Figure 5. A breakdown of the observed failure modes for the orthodontic composites (as-prepared 
Zr-ACP, milled ACP and Sr-glass formulations combined) indicating the percentage of specimens 
that fall under each category. 


We have shown [3, 5, 13] that as-prepared Zr-ACP, which is highly agglom¬ 
erated, disperses unevenly throughout matrices regardless of the compositional 
makeup of the resin. The existence of large agglomerates in the resin leads to 
inadequate wetting of the filler and results in composite surface irregularities. Addi¬ 
tionally, the ACP filler-matrix interface is predisposed to random spatial and other 
changes during water sorption as a result of continuous m in eral ion release from 
composites. As a result, composites formulated with the as-prepared Zr-ACP gen¬ 
erally exhibit lower strength and are more affected by water exposure than the 
corresponding unfilled copolymer resins [1]. In recent studies it was shown [14] 
that employing resin matrices based on the use of the more flexible, low viscosity, 
EBPADMA instead of the rigid, high viscosity, and somewhat more hydrophilic 
Bis-GMA along with milled Zr-ACP instead of as-prepared Zr-ACP, resulted in 
composites of improved mechanical stability, even under aqueous challenge. Con¬ 
trary to that study, the SBS results reported here showed practically no improvement 
with the use of milled Zr-ACP filler. 

It is generally accepted that, in addition to the chemical and physical bond¬ 
ing to the substrate, gradients in fracture toughness and elastic modulus across 
the bonded interface are most likely the governing factors in the joint strength 
and durability of the composite-dentin bond. Another factor may be the adhesion 


Adhesion ofACP Composites 


117 


test methodology. The chisel-on-iris shear method used here may not be sensitive 
enough to detect subtle differences in the adhesiveness of the tested materials and, 
perhaps, the wire-loop-on-composite shear bond test, which would involve much 
higher stress concentrations, might be a more appropriate test to discr imin ate the 
adhesive properties of the composites. Uniaxial tensile test methods such as the 
micro-tensile method also should have greater sensitivity than shear methods in elu¬ 
cidating dentin adhesion. Although other factors, such as tooth-intrinsic flaws and 
the method of den t in pre-treatment, may have a decisive function in determining 
the strength of the composite-adhesive-dentin bond, the possible role of the filler 
type certainly cannot be ignored. However, the results of this study have shown that 
as-prepared and milled Zr-ACP, despite the flaws that as-prepared ACP filler may 
introduce into the microstructure of composites, did not adversely affect their short 
and mid-term bonding behavior to adhesive resins. Composites formulated with ei¬ 
ther type of Zr-ACP performed at least as well as Sr-glass-reinforced composites, 
while providing an additional bioactive component that may arrest demineralization 
and possibly promote remineralization of enamel and dentin. This study suggests 
that the experimental Zr-ACP-BTHZ resin composite may be a suitable lining or 
base material with the viscosity of a flowable composite and sufficient strength to 
serve as a base material [2], The Zr-ACP-ETHM formulation may be well suited 
as a cement for orthodontic application, aiding in minimizing the demineralization 
of enamel often seen adjacent to and under the brackets. 

Testing the SBS of strong adhesives commonly produces cohesive failures in 
dentin [15, 16], a failure mode not usually observed in clinical settings. In this 
study, the majority of failure modes were observed to occur at the interface between 
the primer and dentin substrate, and very rarely within the composite itself (indeed, 
never for milled ACP composites). This suggests strongly that some critical discrep¬ 
ancies exist between the test methods and the clinical situations they are intended to 
mimic. It follows, then, that an entirely new adhesion test needs to be developed or 
that existing methods need to be altered to improve their clinical relevance. Addi¬ 
tionally, the high degree of scatter inherent in shear bond test methods is a problem 
that continues to require attention. The biological variability of the human species 
and anisotropic nature of the tooth itself both present significant obstacles to ac¬ 
curate, reliable measurements, and though widespread test standardization (loading 
mechanism, crosshead speed, etc.) may achieve some progress in this direction, 
altering the test method in the interest of clinical relevance might prove more bene¬ 
ficial in the long run. Therefore, modifying the SBS test method to include a fatigue 
component [17-20] or combined fatigue and modified-bond-geometry (e.g., micro¬ 
shear and micro-tensile) approach may be indicated for future studies. 


5. Conclusions 

The type of bioactive ACP filler and its particle size distribution did not significantly 
affect the strength of the composite-adhesive-dentin bond for these experimen- 
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tal, anti-demineralizing-remineralizing resin composites. Composites formulated 
with milled ACP produced a higher incidence of the failure mode consistent with 
stronger adhesion, thus offering a potential advantage in clinical bonding applica¬ 
tions. 
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Abstract 

Dental ceramics are extensively used to restore damaged or missing tooth structure but these fracture in 
service. Finite element analysis and quantitative fractography of failed restorations have demonstrated that 
all-ceramic crowns fracture due to the extension of pre-existing surface defects that occupy the inner ‘fit’ 
surface of the restoration under tensile loading. Clinically the environment of the inner surface defects is 
influenced by the dental cement used to retain the restoration on the prepared tooth structure. The use of 
methacrylate resin-based cements is associated with enhanced clinical performance and in vitro labora¬ 
tory investigations have demonstrated that thin coatings of resin-based cements can significantly increase 
the flexural strength of a number of all-ceramic crown materials. Mechanisms to account for the apparent 
strengthening have been proposed including the generation of crack closure stresses, crack ‘healing’ effects 
and the creation of a ‘hybrid layer’ which radically modifies the stress patterns in the region of the critical 
defect. However, conjecture remains regarding the basis of the strengthening mechanism, thereby prevent¬ 
ing the optimisation of resin-based cementation materials and clinical techniques. The aim of the current 
article is to provide an insight into resin cementation and the mechanisms by which adhesive cements may 
determine all-ceramic restoration performance. 

Keywords 

Dental ceramics, adhesion, resin-based cements, fracture 


1. Introduction 

Missing or damaged tooth structure is routinely replaced to prevent dental pain, 
sensitivity and infection, in addition to restoring masticatory function and aesthet¬ 
ics. Operative dental procedures to restore natural dentition are classified as direct 
or indirect techniques. Direct techniques require the placement, manipulation and 
finishing of the restorative material in situ within the oral cavity [1]. In contrast, 
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indirect techniques require preparation of the tooth or teeth to a desired form prior 
to obtaining a physical or optical impression from which a bespoke prosthesis is 
designed and fabricated, usually within the environment of a dental laboratory. Fi¬ 
nally, the manufactured prosthesis is cemented, a procedure traditionally described 
as ‘luting’, onto the prepared tooth to complete the restoration. Indirect operative 
techniques facilitate improved control over restoration shape and form and enable 
the use of a broader range of materials with varying mechanical and aesthetic prop¬ 
erties [1], Of the materials currently available to the dental practitioner to indirectly 
restore natural dentition, dental ceramics are most ideally equipped to mimic tooth 
structure in form, shade, translucency and lustre [2]. Dental ceramics are chemically 
stable, biocompatible, corrosion resistant and can be glazed to prevent the adher¬ 
ence of plaque and extrinsic staining. The highly abrasion resistant ceramic surface 
prevents the loss of surface texture and contour. In addition, the thermal conductiv¬ 
ity and thermal expansion coefficient are comparable with natural tooth structure 
so that the marginal seal between restoration and tooth is less likely to be compro¬ 
mised during intra-oral thermal changes in service. The cementation of all-ceramic 
restorations involves the application of a small quantity of cement to the inner ‘fit’ 
surface(s) of the ceramic restoration prior to seating onto the prepared tooth under 
localised pressure. The cement sets due to a chemically and/or photo-initiated re¬ 
action and any excess cement exuded from the restoration margins is subsequently 
removed. The ideal dental cement requires a low film thickness to allow full seat¬ 
ing of the ceramic restoration; a long working time to enable effective mixing and 
application of the cement; a short setting time so that the ultimate material prop¬ 
erties are achieved quickly; a high compressive strength to prevent deterioration of 
the cement under occlusal loading; low solubility preventing wash out, marginal 
gap formation and microleakage in the oral environment; and the cement should 
be highly retentive preventing loss of the restoration in service [3]. In addition, the 
dental cement should not cause pulpal irritation thereby necessitating a low setting 
exotherm and thus a chemical composition that initiates a minimal response from 
pulpal and periodontal tissues is preferred [3]. 

2. The Development of All-Ceramic Restorations and Placement Techniques 

The mechanical properties of dental ceramics are only partially adequate for the 
fabrication of dental restorations [4]. Although strong in compression, the tradition¬ 
ally utilised feldspathic dental ceramics have low tensile strength and lack fracture 
toughness [5]. Failure may be manifested by the development of unaesthetic frac¬ 
ture lines which can stain over time and act as a potential route for microleakage. 
Alternatively, fracture may be associated with a partial loss of ceramic fragments or 
the total loss of the restoration from the underlying tooth structure. Both scenarios 
can lead to unacceptable aesthetics, dentine sensitivity and the impairment of masti¬ 
catory function. Axisymmetric finite element analysis [6] and quantitative fractog- 
raphy [7-10] have demonstrated that all-ceramic crown restorations commonly fail 
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from the extension of pre-existing defects present on the internal ‘fit’ surfaces of 
the restoration under tensile loading. In the latter half of the twentieth century two 
different approaches to prevent all-ceramic crown fracture were adopted. Advances 
in dental ceramic formulations and the introduction of novel processing routes re¬ 
sulted in improvements in the fracture toughness and average fracture strengths of 
ceramic materials used in crown manufacture [10]. Average flexure strengths, as re¬ 
ported by various investigators, have increased from 61 to 87 MPa for a traditional 
feldspathic dental ceramic [11-14], 70-229 MPa for a micaceous tetrafluorosili- 
cate castable glass [5, 11, 12, 15, 16], 84-182 MPa for a leucite-reinforced glass 
ceramic [5, 12-14, 16-19], 236-547 MPa for a lanthanum aluminosilicate glass 
infused alumina [5, 12, 15, 16, 18, 19], 464-687 MPa for a sintered high purity alu¬ 
mina, and 800 to 1200 MPa for yttria stabilized zirconia [20] (Table 1). However, 
a disadvantage of many of the high strength ceramic systems is that the additional 
rei nf orcement is achieved at a cost of inferior aesthetics and in particular difficulties 
are associated with shade variation and a loss of translucency due to a volumetric 
increase in the ceramic crystalline phase [21], As a result, additional processes are 
required to fulfil the aesthetic restorative requirements and include the application 
of extrinsic stains or, more commonly, the addition of an outer layer of a matched 
thermal expansion veneering ceramic. The thickness of the veneering ceramic is 
determined by the need to mask the high strength ceramic core but it has been sug¬ 
gested that bilayered ceramic restorations should be constructed from the strongest 
core material available, employed in the maximum achievable thickness and in con¬ 
trast the veneer layer should be as thin as possible [22]. It has been demonstrated 
that an excessive thickness of veneering ceramic can result in ceramic chipping as 
a result of Hertzian contact damage at the veneering ceramic surface [23]. Despite 
the increased tensile strength and fracture toughness there has been no increase in 
clinical performance and the retrospective clinical data for these materials suggest 
the annual failure rates for all-ceramic crowns to be in the region of 3% [24], 

An alternative approach to improving all-ceramic restoration performance be¬ 
came available as a consequence of improvements in dental adhesive technologies 
that allowed the development of operative procedures to intimately bond certain 
classes of dental ceramic materials, often in thin sections, to tooth structure. It 
was recognised that despite the minimal thicknesses of the inherently brittle den¬ 
tal ceramic employed the fracture resistance of the completed adhesively bonded 
restorations was surprisingly high. The aim of the current article is to provide an 
insight into the development of adhesively cemented all-ceramic dental restorations 
and the mechanism by which adhesive cements may determine all-ceramic restora¬ 
tion performance. 

3. Cementation of All-Ceramic Restorations 

The dental practitioner has a choice of a number of materials with which to cement 
all-ceramic restorations including zinc phosphate, zinc polycarboxylate, conven- 


124 


G. J. P. Fleming and O. Addison 






Strengthening of Dental Ceramics with Resin Cements 


125 


tional glass-ionomer, resin modified glass-ionomer, and methacrylate resin-based 
cements [3, 25]. Traditionally zinc phosphate cements have been advocated for 
cementing all-ceramic restorations and are frequently described as ‘luting’ agents 
mediating restoration retention by acting as a space filler, micromechanically re¬ 
tained with no true adhesion to either the overlying ceramic or underlying tooth 
structure [26-28]. In contrast, zinc polycarboxylate cements were specifically en¬ 
gineered for dental applications and are adhesive to dental enamel and dentine. 
Adhesion is achieved as the polycarboxylate cement forms complexes with cal¬ 
cium ions present at the surface of hydroxyapatite crystals, the major inorganic 
component of tooth structure [26]. Adhesion to the underlying tooth structure is 
considered highly desirable by dental practitioners not only to enhance retention 
but to also prevent post-operative sensitivity and minimise the risk of bacterial 
microleakage. Glass-ionomer cements (glass polyalkenoate cements) are similarly 
adhesive to tooth structure by chelating with surface calcium ions and are increas¬ 
ingly favoured by dental operatives due to continued ion leaching of cariostatic 
fluoride ions [26]. However, zinc phosphate, zinc polycarboxylate and conventional 
glass-ionomer cements which are classified as acid-base cements [27, 28], exhibit 
a low pH after initial manipulation which increases towards neutrality during the 
setting reaction [29]. It has been demonstrated that initial acidity of the mixed ce¬ 
ment and the subsequent setting kinetics influencing pH are sensitive to the mixing 
ratio of the powder and liquid cement components [27]. Furthermore, it has been 
suggested that the low pH associated with unset acid-base cements may contribute 
to the extension of flaws occupying the inner ‘fit’ ceramic surface and therefore 
weakening the restoration [27]. Resin modified glass-ionomer cements were de¬ 
veloped to increase the setting time of conventional glass-ionomer cements [26]. 
The introduction of a mixture of polymerisable monomers and/or polycarboxylic 
acid along with a photo-initiator facilitated a ‘command set’ cement. However, the 
materials are not commonly employed to cement all-ceramic restorations due to 
the excessive levels of hygroscopic expansion which has been implicated in the 
premature failure of all-ceramic restoration as a result of the creation of detrimen¬ 
tal tensile stresses at the internal ceramic surface [30]. In contrast, methacrylate 
resin-based cements have become increasingly popular for the cementation of all¬ 
ceramic restorations and provide improved retention due to the reliable bonding 
achievable at both resin-ceramic and resin-tooth interfaces [24, 31]. Resin-based 
cements have low solubility and high compressive strengths relative to acid-base 
cements and in combination with the improved bonding potential provide a supe¬ 
rior seal at the tooth/restoration interface thereby preventing bacterial microleakage. 
Furthermore, resin-based cements can be shade-matched to correct colour discrep¬ 
ancies in the overlying ceramic and can aesthetically fill deficiencies at the margin 
between the restoration and tooth structure. The setting reaction of resin-based 
cements may be light-initiated, chemically-initiated or a combination therefore pro¬ 
viding the operator with considerable versatility and control over the cementation 
process. 
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4. The Development of the Adhesively Cemented All-Ceramic Restorations 

The development of acrylic resins more suitable for placement in the oral envi¬ 
ronment by Bowen in 1956 resulted in methacrylate resin-based composite dental 
materials [32]. ‘Bowen’s resins’ in combination with the discovery of acid-etch 
bonding to enamel by Buonocore in 1955 [33] led to a variety of novel techniques 
to improve the aesthetics of anterior dentition on a permanent basis. Resin-based 
composite materials could be directly built-up on the enamel surface or used to 
bond custom-made aery Me facings (veneers) to the tooth surface [34], However, 
early resin-based composite materials and adhesively cemented acrylic veneers 
were associated with excessive colour modification and staining, loss of surface 
lustre, poor wear characteristics, inflammation of gingival tissues and debonding. 
In 1983, Horn described a technique of utilising a glazed porcelain laminate ve¬ 
neer (PLV) as an alternative to an acrylic resin veneer [35]. Horn identified that 
foUowing the application of 10% hydrofluoric (HF) acid to the internal ‘fit’ surface 
of the restoration a surface roughness was created that was conducive to bond¬ 
ing with the methacrylate resin-based cements. Subsequently, an extension of the 
PLV concept was described by Rezinkor in 1987 as the dentine bonded crown 
(DBC) [36] and is considered as full or partial coverage of all-ceramic restora¬ 
tion, relying on adhesive bonding to the underlying enamel and/or dentine utilising 
a resin-based cement [37]. The clinical success of PLVs and DBCs is surprisingly 
high and it has been suggested that the prepared tooth acts as a reinforcing core 
whereby the strengthening of the overlying ceramic is imparted by a synergistic 
bond achieved between the ceramic and the tooth structure mediated by the resin- 
based cement [38], The technique had considerable advantages over traditionally 
prepared and cemented all-ceramic restorations [39]. Retention is not solely depen¬ 
dent on the form of the prepared tooth and thus enables a more conservative tooth 
preparation, thereby reducing the adverse biological impact of tooth preparation on 
pulpal tissues [40]. 

5. Adhesive Cementation of All-Ceramic Restorations 

Resin-based luting cements are composite materials and consist of an organic 
resin matrix, inorganic fillers, initiator(s), and tints to modify the shade [41]. The 
resin matrix is most commonly based on Bisphenol A glycol dimethacrylate (Bis- 
GMA) but additional monomers including 2-hydroxy ethyl methacrylate (HEM A), 
urethane dimethacrylate (UDMA), triethyleneglycol dimethacrylate (TEGDMA), 
amongst others, are blended to modify the mechanical properties and rheological 
characteristics. Inorganic fiUers are added to improve the mechanical properties 
and are coupled using organofunctional silanes to allow covalent bonding to the 
resin matrix. The inorganic fillers vary between manufacturers in type, shape, size 
and volumetric or weight loading [41]. An important balance is required in op¬ 
timising the resin and filler components to aUow for ease of manipulation and 
achievement of a thin film thickness in the unset state and to maximise the me- 
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chanical response and resistance to deterioration in oral environment following 
activation [41]. Activation of the cement occurs by a free-radical polymerisation of 
the resin m a trix and is either ‘command set’ following photo-initiation using vis¬ 
ible light, or chemically activated following mixing of two pastes [41]. Clinically, 
the cementation procedure requires isolation of the tooth to prevent contamination 
with saliva prior to acid-etching of the enamel and dentine with 3CM-0% phos¬ 
phoric acid and subsequent placement of a dentine bonding agent [1]. The dentine 
bonding agent mediates bonding between the partially decalcified etched enamel 
and dentine and the resin-based cement. The mechanisms underlying the adhe¬ 
sion mediated by dentine bonding agents are complex but are extensively reported 
within the dental literature [42, 43]. The resin-based cement is applied to the in¬ 
ner surfaces of the all-ceramic restoration and/or tooth structure prior to seating 
under adequate pressure to ensure an accurate fit but not excessive so as to result 
in the restoration fracture. Clinically, the cement thickness has been characterised 
between 50 and 150 pm but will vary over the cross section of the restoration due 
to the inherent inaccuracies of the previous procedures leading up to the delivery 
of the restoration [44]. An essential step in determining the success of adhesively 
cemented all-ceramic restorations is the pre-cementation surface conditioning of 
the inner ‘fit’ surface(s) of the ceramic which is commonly roughened to promote 
bonding to the resin-based cement [38, 40]. Pre-cementation surface roughening 
of dental ceramic surfaces to enhance bonding was first conceived by Rochette in 
1975 [45] and fully documented by Horn [35] and Calamia [46]; however, differ¬ 
ent techniques have since been adapted as novel ceramic materials and cements 
have been developed. Ceramic surface roughening may be achieved by selective 
surface grinding, acid-etching [35] or by airborne particle abrasion [47] or a com¬ 
bination [48]. Surface roughening increases the effective surface area available for 
bonding and creates undercuts that increase the degree of micromechanical inter¬ 
locking of a resin-based cement with the ceramic surface. Acid-etching with HF 
or its derivatives results in the preferential dissolution of different ceramic phases 
resulting in undercuts, thereby creating a surface more conducive to bonding [49]. 
The microstructural and surface analyses of etched dental ceramics have demon¬ 
strated different etching patterns according to the type of acid-etchant, the relative 
acid concentration and the etching time employed. Differences in ceramic compo¬ 
sition, microstructure and the presence of surface irregularities will also produce 
unique topographic changes after etching procedures [50]. Etching is particularly 
influenced by the distribution of the crystalline and glassy phases comprising the 
microstructure of many multicomponent dental ceramic systems. Dental ceram¬ 
ics containing a large crystalline volume, such as high purity alumina or zirconia, 
are resistant to etching with HF-acid. As a consequence, airborne particle abra¬ 
sion is employed to create a roughened ceramic surface conducive to bonding [47]. 
The quantifiable roughness of air abraded dental ceramic surfaces can be signifi¬ 
cantly influenced by the size of the airborne particle, the distance of delivery, the 
air pressure, the angle of incidence of particle delivery, and the duration of appli- 
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cation [4, 51]. A number of concerns with this technique have been highlighted 
including difficulties in producing a consistent surface roughness, the inability to 
create significant undercuts in the ceramic surface and concerns over the potential 
damage to margins which may result in poor fit of the restoration and the poten¬ 
tial loss of restoration integrity. Further enhancement of the resin-ceramic bond 
is achieved with pre-cementation by the application of an organofunctional silane 
which is recommended prior to the resin cementation of silicaceous all-cera mi c 
materials [52], In the absence of silane priming the chemical interaction between 
resin-based cements and silicaceous dental ceramics is weak and consists largely of 
van der Waals forces and hydrogen bonding. Silanes (organofunctional trialkoxysi- 
lanes) comprise a large group of organic compounds capable of mediating covalent 
bonding between organics and inorganic substrates [52], Silanol groups (formed 
after hydrolysis of the silane, i.e. of ethoxy or methoxy groups) react with the OH 
groups on the ceramic surface, and the organic moiety or group (e.g. vinyl, epoxy, 
amino, etc.) reacts with organic resin or organic cement. Silane primers for dental 
purposes most commonly contain pre-hydrolysed silanes in water or an alcohol- 
based solution, are applied to the clean inner ‘fit’ surfaces of a ceramic restoration 
and are allowed to dry before resin-based cement application [52], The silane coat¬ 
ing ideally forms a monomolecular layer on the ceramic surface but in practice 
multi-molecular layers of 50-100 nm form as a result of the self-condensation of the 
multi-methoxy or ethoxy functionalities within the silane molecules [52]. The thick¬ 
ness of the silane layer has been shown to be dependent on the drying regimen and 
the concentration of the active silane in the ceramic primer [53]. Pre-cementation 
surface conditioning radically alters both the ceramic surface flaw distribution and 
the subsequent interaction with the resin-based cement and, therefore, may impact 
restoration performance. It has been demonstrated that HF-acid etching and alu¬ 
mina airborne particle abrasion have a detrimental effect on the strength of certain 
dental ceramic substrates attributed to the extension of pre-existing surface flaws 
or the introduction of a new defect population, respectively [51, 54], Furthermore, 
it has also been reported that that the macroscopic roughness of a ceramic surface 
may act to concentrate stress near or at the tips of critical surface flaws resulting 
in a reduction in strength [55, 56]. Alteration of the surface texture results in both 
a modification of the surface area available for bonding and the wettability of the 
ceramic whereby increasing the ceramic surface roughness may be associated with 
enhanced or reduced wetting by a resin-based cement, depending on the resultant 
surface topography [57, 58]. Silane priming has been demonstrated to have no sig¬ 
nificant impact on ceramic strength but will occupy the region of the crack tips and 
will modify the subsequent interaction with the resin-based cement [59]. 

6. Clinical Performance of Adhesively Cemented All-Ceramic Restorations 

Clinical studies have demonstrated that all-ceramic restorations cemented with 
methacrylate resin-based cements exhibit lower numbers of premature failures 
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when compared with those cemented with zinc phosphate and conventional glass- 
ionomer cements [60-63]. The strengthening of all-ceramic restorations with resin- 
based cements has also been demonstrated in in vitro load to failure mechanical 
testing of clinically representative restorations by numerous researchers. Bernal et 
al. reported that significantly increased loads were required to initiate the fracture 
of castable glass crowns cemented with resin-based cements when compared with 
zinc phosphate and conventional glass-ionomer luting agents [64], Behr et al. mea¬ 
sured the load required to initiate fracture in heat-pressed ceramic crowns luted 
with different cement types and reported significantly increased fracture strengths 
when a resin-based cement was utilised [65]. Similarly, Yoshinari and Derand 
reported significantly increased loads to failure for resin cemented feldspathic, 
castable glass, heat-pressed and glass-infiltrated crowns cemented with resin-based 
materials when compared with a zinc phosphate cemented control [66]. Burke 
et al. reported that the load required to fracture clinically representative crowns 
adhesively cemented to prepared maxillary premolar teeth was significantly in¬ 
creased when compared with unbonded controls for both feldspathic porcelain and 
heat-pressed ceramic restorations [40]. In addition, researchers have attempted to 
quantify the strengthening achieved following resin cementation by calculating the 
failure stresses in flexural tests on clinically relevant test specimens. Rosensteil et 
al. calculated the maximum bi-axial failure stress of a castable glass ceramic coated 
with a thin layer of resin-based cement and reported significant strengthening when 
compared with an uncoated control [67] (Table 2). The authors suggested that the 
significant strengthening observed in the absence of a supporting tooth substrate 
demonstrated that the strengthening of resin cemented all-ceramic restorations was 
not solely due to improved load transfer to the underlying tooth substrate [67]. 
Mesaros et al. reported that the flexural strength of ceramic beams resin cemented 
to bovine dentine was significantly increased by the use of a dentine bonding agent 
and a resin-based cement [68]. Pagniano et al. reported that the application of a thin 
layer of resin cement was associated with a significant increase in the Weibull 
characteristic strength derived from bi-axial flexure loading a heat-pressed leucite 
reinforced and heat-pressed lithium disilicate ceramic [69] (Table 2). 


7. Mechanisms Underlying the Strengthening of All-Ceramic Restorations 
with Resin-Based Cements 

To optimise the strengthening conferred by resin-based cements on dental ceramic 
materials it is essential to characterise the strengthening mechanism. Within the 
dental literature the interaction between resin-based cements and dental ceramics 
has been extensively discussed in the context of bond strengths. However, little 
attention has been given to the impact the resin-based cement has on the mechan¬ 
ical integrity of the completed restoration in service. In contrast, the strengthening 
of glass and ceramic substrates with thin polymeric coatings has been explored 
in detail within the industrial glass literature in attempts to enhance the perfor- 
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mance of glassware. Both sol-gel-based coatings and resin-based coatings have 
been reported and are associated with the strengthening of glass substrates [70]. 
There is conjecture as to the mechanisms responsible for strengthening and alter¬ 
native mechanisms suggested include crack length reduction [71, 72], Poisson ratio 
effects [73] and the generation of crack closure stresses [70, 74], Fractographic in¬ 
vestigations have demonstrated that surface defects are at least partially infiltrated 
by coatings, however, there is little understanding of how filling a crack with a ma¬ 
terial with a significantly different elastic response on loading (when compared 
with the glass bulk) can confer strengthening [70]. Investigators have suggested 
that the restriction of a resin-based coating to thin layers in a surface defect re¬ 
sults in an apparent increase in the elastic modulus of the coating infiltrating the 
defect [73]. During loading, the coating within a crack extends perpendicular to 
the crack face producing a compensating Poisson contraction parallel to the crack 
surface [73]. The contraction is restricted by the resin thickness compared with the 
stiffer bulk ceramic which also has a lower Poisson’s ratio, effectively increasing the 
stiffness of the resin. As a result, the mechanical response of the coating approaches 
the mechanical response of the bulk glass. The strengthening mechanism relies on 
assumptions that the critical surface flaws are infiltrated and that there is durable 
interfacial bonding between the coating and glass [70]. A strengthening mechanism 
based on crack ‘healing’ has been applied to sol-gel coatings on glass [72, 73]. The 
investigators suggested that the infiltration of surface cracks by a surface coating 
partially healed and, therefore, reduced the crack length. However, for a reduced 
crack length to be associated with significant reduction in stress intensity, the elas¬ 
tic response of the coating to load must be similar to that of the glass bulk [70]. 
Furthermore, fractographic analysis of solvent based coatings on glass substrates 
has demonstrated complete crack infiltration and that the equivalent flaw sizes can¬ 
not be related to either the observed degree of crack filling or to the locus of failure 
which remained unaltered by surface coating [70]. Alternatively, it has been sug¬ 
gested that compressive stresses may be exerted by the coating on the glass surface 
as a consequence of a thermal expansion mismatch between the bulk glass and bulk 
coating [75]. However, investigators calculated the compressive stresses generated 
in epoxy based coatings on glass substrates and suggested that the stresses gen¬ 
erated were insufficient to explain the degree of strengthening observed [70]. It is 
also conceivable that when a crack is entirely filled by a coating the crack is bridged 
and a closure stress is generated, thereby retarding crack propagation under tensile 
loading [74], However, the origins of the closure stresses have not been identified 
although it has been suggested that stresses may arise due to thermal expansion 
mi smatches or due to shrinkage during setting [74], The induction of thermally de¬ 
rived closure stresses is somewhat unlikely within the dental context as the setting 
reaction of resin-based cements is associated with small exotherms. Within the den¬ 
tal literature a number of mechanisms have been proposed to explain the apparent 
strengthening effect observed following methacrylate resin-based cement coating 
of ceramic restorative materials. Marquis also suggested a crack ‘healing’ mecha- 
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nism whereby the resin-based cement coating partially or fully infiltrated surface 
defects thereby reducing the effective crack length and hence the stress intensity at 
the crack tip [76]; however, the elastic modulus of resin-based cements is reported 
to range between 5 and 11 GPa [44], When compared with the elastic modulus 
of dental ceramic materials ranging in excess of 60 GPa, it is uncertain how such 
relatively elastic materials could significantly influence the stress intensity of an in¬ 
dividual defect. In contrast, Nathanson suggested that the polymerisation shrinkage 
associated with the setting of resin-based cements exerted a stabilising compressive 
stress on the surface defect population, thereby resulting in an increased energy re¬ 
quirement to reach the critical tensile stress in the ceramic and initiate failure [77]. 
Dental resin-based luting cements exhibit polymerisation shrinkage on setting but 
no association between the magnitude of strengthening and shrinkage-stress gener¬ 
ation by the resin-based cement has been made [44], In addition, both mechanisms 
imply a sensitivity to defect geometry whereby flaws of variable size would be 
expected to be differentially strengthened on resin coating. Fleming et al. exam¬ 
ined the impact of resin cement coating on aluminous core ceramic disc-shaped 
specimens which had been polished or polished and centrally indented thereby cre¬ 
ating a large controlled defect [78] (Table 2). A similar increase in the bi-axial 
flexure strength following resin cement coating on both the polished and polished 
indented surfaces was observed and the authors concluded that as the strengthening 
on both surfaces was of a similar magnitude despite the presence of critical defects 
of dissimilar geometries, the strengthening mechanism was independent of defect 
severity [78]. Most recently investigators have demonstrated that the strengthening 
imparted by the adhesive resin-based cement was independent of individual defect 
severity but a relationship was observed between the magnitude of strengthening 
and the macroscopic roughness of the dental ceramic surface [59]. The authors con¬ 
cluded that the infiltration of the ceramic surface by the resin-based cement creates 
a ‘resin-ceramic hybrid layer’ in which the stress patterns during tensile loading are 
radically modified [59]. Using Weibull statistics to analyse large sample size frac¬ 
ture strength data (n — 60) investigators demonstrated that the distribution of the 
fracture strength data was unaltered by resin-based cement coating a dental ceramic, 
despite a significant reinforcement being observed (>100% of the uncoated failure 
stress) [44]. This observation further suggests that the strengthening mechanism 
acts across the global surface defect population rather than by ‘healing’ or stabil¬ 
ising individual flaws. Utilising multilayered analytical solutions to calculate the 
bi-axial failure stresses in a dental ceramic coated with thin layers of methacrylate 
resin-based cements, the magnitude of strengthening has been reported to be a func¬ 
tion of resin-based cement elasticity [44], The impact of the quality of adhesive 
bonding between the resin-based cement and ceramic substrate on the magnitude 
of strengthening is uncertain however, as significant strengthening is reported on 
highly polished ceramic substrates where micromechanical retention has been min¬ 
imised [78]. In addition, silane priming, demonstrated to enhance bonding between 
resin-based materials and silicaceous ceramics, in combination with a highly elastic 
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unfilled resin provides no further strengthening when compared with the unprimed 
condition [58]. In contrast, silane priming prior to coating with a less elastic filled 
resin-based cement results in an increased strengthening when compared with the 
unprimed state [58]. It has been proposed that under loading, the highly elastic 
response of the unfilled resin occupying the resin-cera mi c hybrid layer permits 
a critical strain and associated stress to be generated within a surface defect before 
the critical bond stress between the ceramic and the unfilled resin is exceeded. As a 
consequence, the improvement of the bonding between ceramic and unfilled resin 
mediated by the silane is associated with no further strengthening. In contrast, the 
generation of the strain within the less elastic filled resin-based cement was found 
to be associated with a stress generation that exceeded the critical bonding stress be¬ 
tween resin-based cement and the ceramic and hence the strengthening associated 
was enhanced by silane priming [58, 79]. 


8. Conclusions 

Strengthening of dental ceramic materials by resin-based cements has the potential 
to impact clinical performance of indirect all-ceramic restorations. The magnitude 
of strengthening has been demonstrated to be dependent on the type of ceramic 
substrate, the pre-cementation ceramic surface conditioning regimen, adhesion be¬ 
tween the ceramic and resin-based cement, and the mechanical properties of the 
resin-based cement itself. The mechanism underlying the strengthening is insen¬ 
sitive to individual defect severity, sensitive to the macroscopic roughness of the 
ceramic surface and dependent on the elasticity of the resin-based cement. The 
development of resin-based cement materials has traditionally focused solely on en¬ 
hancing adhesion to the underlying tooth structure and the overlying restoration. In 
contrast, the development of resin-based cement materials, specifically to optimise 
the mechanical response of the restoration under loading, will result in increased 
clinical confidence. 
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Abstract 

When fractures of fixed partial dentures occur, they cause an aesthetic and functional dilemma both for the 
patient and the dentist. Re-make of the entire restoration is an option, but not always desirable. Previous 
studies have provided several options for ceramic reparation, but there is limited consensus about this issue. 

The aim of this study was to test the shear bond strength due to four different etching agents for ceramic 
repair. The goal was to find a substitute for hydrofluoric acid as etching agent with less toxicity. Ideally, the 
repair of ceramics must meet both functional and aesthetic requirements. 

A total of 70 square shaped feldspathic porcelain disks of dimensions 10 mm x 10 mm x 3 mm were 
produced and embedded in cylindrical polyethylene walled poly(methyl methacrylate) (PMMA) blocks 
(16 mm diameter and 12 mm thick). All specimens were wet-ground with silicon carbide papers down 
to P4000. For one of the groups ten cylindrical ceramic specimens (diameter 5 mm and 2.5 mm high) were 
made and wet-ground to P4000. The blocks were divided into 7 groups with 10 specimens for each group. 
In six of the groups composite cylinders were bonded to the porcelain with different pretreatments of the 
porcelain. As etching agents 9% hydrofluoric acid (HF), 35% phosphoric acid (PO), 15% hydrochloric acid 
(HC1) and 15% potassium fluoride/hydrogen fluoride (KF-HF) were tested. This study compared a one- 
part (activated) silane and a new two-part silane. In one group two porcelain specimens were bonded with 
composite veneer cement. All the specimens were thermocycled for 5000 cycles from 5°C to 55° C before 
shear bond test. 

The best overall result was obtained in group 6 (two porcelain specimens bonded with veneer cement), and 
the mean shear bond strength was 24.5 MPa. The lowest values were obtained in group 4 with 35% phos¬ 
phoric acid, and group 5 with 15% hydrochloric acid as the etching agent (6.5 and 0.8 MPa, respectively). 

Pretreatment with either 9% HF or 15% KF-HF as the etching agent combined with two-part silane gave 
good adhesion for porcelain reparations. 
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1. Introduction 

Crowns and bridges made of porcelain fused to metal or other core materials such 
as alumina and zirconia are widely accepted and used in clinical practice. Despite 
good long-term success rates they occasionally demonstrate fracture of the brittle 
ceramic veneer. Longitudinal studies have shown that failures resulting from porce¬ 
lain fracture or chipping range from 2.4% to 8% [1,2], Walton et al. [3] described 
worn or lost veneers as the most frequent mechanical problem encountered with 
fixed partial dentures. Furthermore, failures occur most frequently in regions that 
are visible, compromising aesthetics in the anterior region. The fractures are mainly 
in the maxilla, and predominantly on the labial surface. Fractures of porcelain on 
crowns and bridges are multifactorial. Lack of a proper framework to support the 
porcelain, intraceramic defects, or parafunctional occlusion can cause this inconve¬ 
nient problem [4]. Re-make of the restoration is possible, but it is not always the 
first choice for practical and economical reasons. The ability to repair a ceramic de¬ 
fect after chipping is more beneficial. The clinical success of the porcelain repair is 
almost entirely dependent on the integrity of the bond between the ceramic and the 
composite resin. The bond is achieved either by chemical or mechanical method, 
or both. Several studies have described different ceramic surface treatments to opti¬ 
mize bond strength at the ceramic-composite interface [5, 6], In a study by Suliman 
et al. [7] the highest bond strength (19.7 MPa) was achieved with diamond rough¬ 
ening followed by hydrofluoric acid etching and Clearfil bonding agent. Leibrock 
et al. [8] claimed that hydrofluoric acid caused no increase in adhesion to porce¬ 
lain when compared with phosphoric acid. The intra-oral application of the toxic 
hydrofluoric acid is very undesirable. Ozden et al. [9] achieved 11.5 MPa bond 
strength with a diamond bur roughening and silane application only. The speci¬ 
mens were thermocycled for 100 cycles. There is evidence that thermocycling and 
hydration decreases the bond strength by weakening the interface due to differ¬ 
ent thermal expansion coefficients of materials involved [10-12], Sun et al. [13] 
used a four-point bending test and showed a significantly higher bond strenth after 
preparing the specimens with tribochemical sandblasting (Co-jet, ESPE, Bavaria, 
Germany) as compared with simple gritblasting. 

The bond strength is achieved by the combination of mechanical and che mi cal 
bonds using surface roughening and silane coupling agents. It has recently been 
shown by Matinlinna and coworkers that different silanes show differences in their 
adhesion promotion properties [14-16]. It has been claimed that a silane provides 
chemical covalent as well as hydrogen bonding and also improves the wettabil¬ 
ity [17], 

The aim of this study was to evaluate the shear bond strength due to four different 
etching agents, and compare a new two-part silane to a one-part (activated) silane. 
In addition to testing composite bond strength to ceramic, it was also important 
to test the strength of two ceramic specimens bonded with composite cement as a 
technique for porcelain repair. 
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Figure 1. Specimen prior to bonding procedure. 

2. Materials and Methods 

A total of 70 square shaped feldspathic porcelain specimens (Hera-ceram®, Her- 
aeus Kulzer, Germany) of dimensions 10 mm x 10 mm x 3 mm were produced 
and embedded in cylindrical polyethylene walled PMMA blocks (16 mm diameter 
and 12 mm thick) (Fig. 1). All specimens were wet-ground with silicon carbide pa¬ 
pers down to P4000 (<5 pm) on a rotating grinding mac hi ne (Struers, Denmark). 
Ten cylindrical ceramic specimens (diameter 5 mm and 2.5 mm high) (ISO 10477) 
[18] were made and wet-ground in the same manner. The blocks were divided into 
7 groups with 10 specimens for each group and the production of the specimens 
was as follows. 

Group 1 (HF-BS-C) n = 10. The porcelain surfaces were etched for 60 s with 
9% hydrofluoric acid (Porcelain Etch®, Ultradent, USA) followed by water rinsing 
for 30 s and air drying. A two-part silane (Bis-Silane, Bisco, USA) was activated 
by mixing equal parts of part A (3-methacryloyloxypropyltrimethoxysilane (5%) in 
ethanol) and part B (acetic acid), applied with a microbrush, and air blown for 60 s. 
Adhesive resin, PBR (Porcelain Bonding Resin, Bisco, USA), was applied and the 
excess resin removed with air. Finally the composite (Charisma, Heraeus Kulzer, 
Germany) was applied and light cured for 80 s (Demetron, VCL 400, Kerr, USA). 

Group 2 (HF-C) n — 10. As group 1, but without silane coupling agent. 

Group 3 (HF-S-C) n — 10. As group 1. The specimens were coated with a 
one-part silane (Silane, Ultradent Products, Inc., USA) for 60 s and air-dried. 

Group 4 (PO-BS-C) n = 10. The porcelain surfaces were etched for 180 s with 
35% phosphoric acid (Ultra-Etch®, Ultradent Products, Inc., USA), water rinsed 
for 30 s and dried, followed by application of two-part silane, PBR, composite and 
light-cured as in previous groups. 

Group 5 (HC1-BS-C) n — 10. The porcelain surfaces were etched for 300 s 
with 15% HC1 (prepared in the laboratory), water rinsed and dried, followed by ap¬ 
plication of two-part silane, PBR, composite and light cured as in previous groups. 

Group 6 (HF-BS-VC) n — 10. Porcelain was used as the repairing material 
and the cylindrical porcelain specimens were wet-ground (P4000silicon carbide 
papers) before the bonding procedure. The following procedure was used for both 


140 


P. K. Lund vail et al. 


F 



layer 

Figure 2. Schematic illustration of the setup for shear bond strength test. The specimen was loaded 
with a force, F, d is the diameter of the rod. 

porcelain plate and porcelain cylinder: 60 s etching with 9% HF (Porcelain Etch®, 
Ultradent, USA), followed by water rinsing and air drying. Two-part silane (Bis- 
Silane, Bisco, USA) was activated, applied for 60 s and dried. PBR was applied 
on both specimens, and cemented with composite cement (Choice 2® light-cured 
veneer cement, Bisco, USA). Each specimen was light-cured for 80 s. 

Group 7 (KF HF-BS-C) n = 10. The porcelain surfaces were treated for 180 s 
with an aqueous solution of 15% KF-HF (potassium fluoride/hydrogen fluoride), 
and carboxymethylcellulose prepared in the laboratory. Then followed by applica¬ 
tion of Bis-silane, PBR and composite. 

To ensure complete curing, all specimens were stored dry at (22 ± 1)°C for 24 h 
before being thermocycled between 5°C and 55°C for 5000 cycles with a 30-s dwell 
time, according to ISO 10477 [18]. 

After thermocycling, the specimens were stored in distilled water before being 
subjected to shear load at a displacement rate of (1 ± 0.3) mm/ mi n. The mean 
bonded area was measured for each specimen before mounting in the test mach in e 
(Lloyd LRX, Lloyd Instruments Ltd, Fareham, UK). The shear load at the point of 
failure was noted, and shear bond strength calculated according to ISO 10477 [18] 
(Fig. 2). 

The abbreviations used, materials used, and production procedures for various 
groups are presented in Tables 1, 2 and 3, respectively. 

3. Results 

The statistical analysis showed that differences existed among the means: The sta¬ 
tistical analyses were performed using one-way analysis of variance (ANOVA). 

The results of this study are presented in Table 4 and Fig. 3. For each group 
standard deviation and confidence interval were calculated. 
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Table 1. 

Abbreviations used in the text 


HF 9 wt% hydrofluoric acid 

HC1 15 wt% hydrochloric acid 

PO 35 wt% phosphoric acid 

KF-HF 15 wt% potassium fluoride/hydrogen fluoride 

S Silane, one-part 

BS Silane, two-part 

PBR Porcelain bonding resin 

C Composite veneer cement 


Table 2. 

Materials used in the study 


Product 

Composition 

Manufacturer 

Lot nr. 

Hera-ceram 

Feldspathic porcelain 

Heraeus Kulzer, GmBH, 
Hanau, Germany 


Porcelain Etch 

9 wt% hydrofluoric acid 

Ultradent Products, Inc., 
South Jordan, Utah, USA 

b3pkt 

HC1 

15 wt% hydrochloric acid 

Laboratory prepared 

- 

UltraEtch 

35 wt% phosphoric acid 

Ultradent Products, Inc., 
South Jordan, Utah, USA 

b3qct 

KF-HF* 

15 wt% potassium fluoride/ 
hydrogen fluoride 

Laboratory prepared 

- 

Bis-silane 

Silane, two-part 

Bisco, Inc., Schaumburg, 

IL, USA 

0600010784 

su™ 

Silane, one-part 

Ultradent Products, Inc., 
South Jordan, Utah, USA 

b3n6j 

Porcelain bonding 

Bonding resin, HEMA free 

Bisco, Inc., 

Schaumburg, IL, USA 

080009554 

Charisma 

Composite, hybrid 

Heraeus Kulzer, GmBH, 
Hanau, Germany 

010055 

Choice 2 

Veneer cement 

Bisco, Inc., Schaumburg, 

IL, USA 

0600010895 


* KF-HF (15 wt% HF) was dissolved in an aqueous solution of carboxymethylcellulose (Sigma- 
Aldrich Norway AS). 


Group 6 had the best overall result (Mean: 24.5 MPa, SD: 7.0) and had signifi¬ 
cantly higher shear bond strength (p < 0.001) than the other groups except group 1 
(Mean: 19.0 MPa, SD: 5.0) and group 7 (Mean: 18.4 MPa, SD: 7.1). The lowest 
shear bond strength was obtained in group 5. (Mean: 0.8 MPa, SD: 1.8). This was 
significant lower (p < 0.0001) than all groups except group 4 (Mean: 6.5 MPa, SD: 
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Table 3. 

Materials and methods used for production of different groups 


Materials and methods Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 


Specimens n = 10 

Feldspathic porcelain (square) • 
wet-ground to P4000 
Feldspathic porcelain 
(cylindrical) wet-ground 
to P4000 

Composite, hybrid (C) • 

9 wt% hydrofluoric acid (HF) • 

60s 

15 wt% hydrochloric acid 
(HC1) 300 s 

35 wt% phosphoric acid (PO) 

180 s 

15 wt% potassium fluoride/ 
hydrogen fluoride 
(KF-HF) 180 s 

Silane, two-part (BS) • 

60s 

Silane, one-part (S) 

60s 

Porcelain bonding resin, • 

HEMA free (PBR) 

Composite veneer cement (C) 
Light-cured 80 s • 

Thermocycling • 

5°C-55°C for 5000 cycles 
Shear bond test • 

ISO 10477 


n = 10 


Table 4. 

Mean shear bond strength in MPa, standard deviation (SD), number of specimens per group ( n ) and 
confidence interval 95% 


Groups 

HF-BS-C 

(1) 

HF-C 

(2) 

HF-S-C 

(3) 

PO-BS-C 

(4) 

HC1-BS-C 

(5) 

HF-BS-CS* 

(6) 

KFHF-BS-C 

(7) 

Mean 

19.0 

13.4 

13.8 

6.6 

0.8 

24.5 

18.3 

SD 

5.0 

2.2 

5.4 

5.9 

1.8 

7.0 

7.1 

n 

10 

10 

10 

10 

10 

10 

10 


* Two porcelain specimens bonded with composite veneer cement. 
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Figure 3. Results from the shear bond test for 7 experimental groups. Bars represent mean values 
± 2SD. 


5.9). There was no significant difference (p — 0.424) in shear bond strengths be¬ 
tween group 1 and group 2 (Mean: 13.4 MPa, SD: 2.2) nor between group 1 and 
group 3 (Mean: 13.8 MPa, SD: 5.4). During thermocycling 8 specimens in group 5 
and 3 specimens in group 4 debonded. No significant difference was obtained be¬ 
tween the best composite groups (groups 1 and 7), using HF and KFHF as the 
etching agents, respectively. 


4. Discussion 

In this in vitro study shear bond strengths were measured for different combina¬ 
tions of materials and methods used for porcelain repair after fracture within the 
porcelain. 

Several studies [19-21] dealing with porcelain repair suggest etching of porce¬ 
lain with hydrofluoric acid (HF) to generate the micromechanical retention 
necessary for the porcelain-composite bond. Chen and coworkers [22] studied the 
importance of the etching time of porcelain in obtaining higher bond strengths. 
They reported the highest shear bond strength when the porcelain surface was 
etched for 120 s with 5% HF. Yen and coworkers [23] reported altered surface 
topography, but no significant effect on flexural strength of feldspathic porcelain 
after etching with hydrofluoric acid up to 5 min. In the present study there was 
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higher shear bond strengths using two-part silane (group 1), in comparison with 
one-part silane (group 3), 19.0 MPa and 13.8 MPa respectively. One-part silane 
(group 3) showed similar bond strengths as the group without silane (group 2). 

Hydrofluoric acid (HF) is widely used in the industry for etching glass. HF pro¬ 
duces dehydration and etching of tissues, but unlike other halogen acids, hydrogen 
fluoride is a weak acid. However, unlike other acids, the dissociated fluoride ion, 
F _ , produces severe toxicity. It interferes with calcium metabolism in the underly¬ 
ing soft and bony tissue and the result is severe pain and cell destruction. Death has 
been reported from bumsinvolving concentrated acid with as little as 2.5% body 
surface area (BSA). Topical and parenteral calcium salts have proven effective ther¬ 
apy for both dermal and systemic manifestations [23]. In this study the goal was to 
find an alternative to HF as the etching agent for clinical use. No significant differ¬ 
ence was obtained between the best composite groups (groups 1 and 7), using HF 
and KF-HF as the etching agents, respectively. 

In group 7 the use of 15% KF-HF (potassium fluoride/hydrogen fluoride) as the 
etching agent showed almost similar results to those obtained with the hydrofluoric 
acid (group 1). 

Biological tests on KF-HF are not available yet, but we believe it to be less toxic 
because the solution does not produce free hydrofluoric acid [24]. 

Comparison of HF with the other etching agents 15% HC1 (hydrochloric acid) 
and 35% PO ( phosphoric acid) showed significantly lower bond strengths (p < 
0 . 0001 ). 

Silane coupling agents are capable of forming chemical bonds with porcelain 
surfaces and bonding to the resin occurs by an addition polymerization reaction 
between methacrylate groups of the matrix resin and the silane molecule during 
curing of the composite. The bond with ceramics may occur via a condensation 
reaction between the silanol group (Si-OH) of the ceramic surface and the silanol 
group of the hydrolyzed silane molecule, creating a siloxane bond (Si-O-Si) and 
producing a water molecule (H 2 O) as byproduct [15, 25]. More importantly, silanes 
enhance resin-porcelain bonds by promoting wetting of the ceramic surface and 
thus making the penetration of the resin into the microscopic porosities of the acid 
conditioned porcelain [17]. Hooshmand et al. [26] concluded that, when using an 
appropriate silane application technique, the effectiveness of a pre-activated silane 
solution based on 3-MPTS (3-methacryloyloxypropyltrimethoxysilane), acetic acid 
and ethanol will not deteriorate when stored for up to 1 year at room temperature. 
In this study we found higher bond strength using a two-part inactivated silane 
compared to the one-part activated silane. It is reasonable to suggest that the pre¬ 
activated silane, i.e., the one-part silane contained partly polymerized polysiloxane 
prior to the bonding procedure, thus preventing optimal adhesion. 

Several of today’s dentin-enamel bonding agents contain HEMA (2-hydroxy- 
ethyl methacrylate). HEMA has hydrophilic properties and enables the bonding 
agent to penetrate dentin tubules for higher bond strengths [27]. For the purpose 
of repairing fractured porcelain, this property is not necessary. Being hydrophilic, 
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HEM A will absorb water, discolor and weaken the bonding over time. In this study, 
a HEMA-free bonding agent was used. 

One of the aims of this study was to achieve a reparation technique with a good 
aesthetic result. Group 6 with two porcelain specimens bonded with composite ce¬ 
ment showed best shear bond strength in the present study (24.5 MPa). 

5. Conclusions 

Wi t hin the limits of this study the following conclusions are drawn. 

• Pretreatment with either 9% HF or 15% KF-HF as the etching agent combined 
with a two-part silane gives good adhesion for porcelain reparations. 

• 15% KF-HF as the etching agent gives good adhesion and may be a better alter¬ 
native than 9% HF because of less toxicity. 

• Porcelain fractures repaired with bonded porcelain showed in this study the best 
shear bond strength, and should be the first technique of choice considering aes¬ 
thetic demands. 
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Abstract 

The effects of pH value and alcohol solvent type of a silane solution on the bonding of an experimen¬ 
tal resin to the silica-coated titanium (Ti) surface were studied. First, Ti surfaces underwent tribochemical 
Rocatec™ treatment followed by silanization of the surface with 3-methacryloxypropyltrimethoxysilane 
(MPS). Then, resin stubs based on a mixture of bisphenol-A-glycidyl dimethacrylate and methyl methacry¬ 
late were bonded and light-cured onto each silica-coated Ti surface (n = 6 per group). Two different solvents 
for MPS, namely iso-propanol (i-PrOH)/H20 and ethanol (EtOH)/H20 were used, at pH values of 4.5, 5.0, 
and 5.5, and shear bond strengths were tested both under dry storage conditions and after water sorption in¬ 
duced by accelerated aging (i.e. thermo-cycling). The shear bond strengths were also re-determined after the 
silane solutions had been stored at 4°C for 15 weeks before the silanization step. For dry samples, the shear 
bond strengths ranged from 7.5 to 10.6 MPa (ANOVA, p < 0.05) when the Ti surface had been silanized 
with MPS in i-PrOIWUO, and from 6.5 to 12.4 MPa (ANOVA, p < 0.05) when the Ti surface had been 
silanized with MPS in EtOPWUO at pH 4.5. Fifteen weeks of storage of the silane solution increased the 
shear bond strength of dry samples by ca. 1—4 MPa per test group. In contrast, thermo-cycling reduced the 
shear bond strength in both solvent systems. The weight of the test sample stubs increased by ca. 3.5 wt% 
after 187 days of being subjected to the water sorption test. 
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1. Introduction 

Silanes are synthetic hybrid organic-inorganic compounds that are used as cou¬ 
pling agents across organic-inorganic interfaces for bonding dissimilar materials, 
e.g. paints to metal surfaces [1-3]. In the applications in dentistry and dental tech¬ 
nology, silanes are widely used as coupling agents to bond resins to silica-coated 
metals, ceramics and resin composites [4-7]. When bonding an acrylic resin, the 
activated alkoxy groups (silanols) in silane molecules react with the metal while 
the organofunctional group (e.g. the vinyl bond in the methacrylate group) reacts 
with the monomeric resin matrix. The usefulness of silanes relies on their molecu¬ 
lar structure, which contains easily hydrolysable alkoxy groups, such as kinetically 
favorable methoxy, and organofunctional groups (Fig. 1). The silane molecules first 
must be activated by hydrolyzing the methoxy groups to become silanol groups 
[4, 8]. When a hydrolyzed silane is applied onto a metal, the silanol groups will 
react by forming hydrogen bonds and subsequently covalently bonded siloxane 
structures are formed on the metal surface. The organofunctional terminal groups 
of silane molecules can copolymerize with the monomers of the organic matrix by 
a radical polymerization reaction [9]. By virtue of these chemical reactions, silanes 
are widely employed in dentistry as coupling agents in practically all resin compos¬ 
ite based cements for cementing bridges, metal crowns, onlays, and inlays [4], 
Nowadays, there are many commercially available silane products for den¬ 
tal applications [4, 10]. Typically, silane products in dentistry are based on 
3-methacryloxypropyltrimethoxy (Fig. 2a), a well-known organofunctional tri- 
alkoxysilane. It is normally applied in polar aqueous aliphatic alcohol solutions 
(e.g. ethanol, iso-propanol) or in ethyl acetate, acetone, or even non-polar alkane 
solvents (e.g. n-pentane, n-hexane); however, the catalysts needed for activation 
reactions vary [11]. The concentration of 3-methacryloxypropyltrimethoxy silane 
(MPS) usually ranges from 1 to 5 vol% in ethanol (EtOH) or iso-propanol (i-PrOH), 
both diluted with 5-10% water, but lower silane concentrations are also used [4], In 
fact, the low concentration of MPS in solutions is more desirable, because the au¬ 
topolymerization process of silane molecules can be optimized in diluted solutions. 
Moreover, low silane concentrations are known to produce thin siloxane films (with 
a thickness of ca. 10-50 nm) that can promote the resin-to-metal bond [12], 

In dentistry and dental technology, the biomechanical properties of restora¬ 
tive materials should be close to those of the tooth tissues. Dental materials 
based on bisphenol-A-glycidyl dimethacrylate (i.e. bis- GMA) and triethylenegly¬ 
col dimethacrylate (TEGDMA) prepolymers are widely exploited in tooth tissue 
reconstruction, because the biomechanics and clinical handling properties of bis- 
GMA/TEGDMA-based polymer systems are relatively good [13-15]. Dental resin 
composite cements containing Ws-GMA/TEGDMA as the polymer matrix are of¬ 
ten called dual-cured resin systems, because polymerization can be initiated either 
chemically (i.e. peroxide initiated redox polymerization reaction) or by blue light 
(photo-polymerization) [16, 17]. After the initiation step, the polymerization reac¬ 
tion occurs across the vinyl double bonds of methacrylate groups. The typical final 
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(A) Hydrolysis 



(B) Condensation 


Organic group 
reacts with 
dental resin 



Inorganic groups 
react with 
Ti substrate 


Figure 1. The illustration above shows (A) the hydrolysis reaction of MPS that activates the inorganic 
groups of the silane molecule and (B) the condensation reaction by which silane is adsorbed onto the 
surface of Ti substrate. 


rate of double bond conversion in dental resin composites is ca. 55-75% [18, 19]. 
As the reaction progresses, the double bonds of methacrylate groups of bis-GMA 
and TEGDMA can also react with the methacrylate group of activated MPS. Thus, 
Ms-GMA/TEGDMA resin composites offer the advantages of two relatively easy 
mechanisms of initiation of polymerization and the possibility of simultaneous co¬ 
valent bonding of a highly cross-linked network polymer to silanized metal or glass 
surfaces [4]. 

Some studies have indicated that silane coupling agents play a key role in adhe¬ 
sion promotion. Several studies have demonstrated the adhesion of methacrylate- 
based polymers to titanium with the application of MPS [4, 20-22]. Titanium has 
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Figure 2. The molecular structures of compounds containing methacrylate group used in the exper¬ 
iments: (a) methacryloxypropyltrimethoxysilane, MPS, (b) /V,/V-dimethylarninoethy] methacrylate, 
DMAEMA, (c) methyl methacrylate, MMA, and (d) bisphenol-A-glycidyl dimethacrylate, bis-GMA. 


been used as the substrate of choice because it is potentially a dental biomaterial 
substructure for crowns, bridges, and in particular implants. In prosthodontics, Ti 
crowns and bridges are cleaned prior to veneering and cementing by a controlled 
short-term roughening with sand-blasting and then silica-coated by the tribochem- 
ical Rocatec™ or CoJet™ (both 3M Espe) system before silanization [4, 6, 23]. 
The roughening method, which consist of abrasive blasting with special silica- 
modified aluminium oxide sand particles, provides micromechanical retention and 
promotes chemical adhesion, thereby improving the bond strength [21]. 

A well-known drawback of dental materials based on Ms-GMA/TEGDMA is 
incomplete conversion of double bonds. In fact, the cured polymer network can 
contain up to 6 wt% residual uncured monomers [24], The release of unreacted 
monomers, usually mainly methyl methacrylate (MMA), from resin composites 
may cause allergic reactions in some patients [25]. Another drawback is the ten¬ 
dency of these dental materials to absorb water (i.e. water uptake) in the oral envi¬ 
ronment. The amount of water uptake by experimental materials is normally deter¬ 
mined in conjunction with the shear bond strength measurements, which are often 
done after alternating thermal stress (i.e. thermo-cycling), in order to try to simulate 
in vivo circumstances [26]. The alternating temperatures during thermo-cycling are 
typically +5°C for cold exposure and +55°C for hot exposure. The specimens ex¬ 
posed to thermal stress have mostly lower shear bond strength values than those not 
subjected to thermal stress (i.e. kept in dry storage conditions). It can be summa¬ 
rized that the clinical application of dental materials requires a good knowledge of 
their various biomechanical properties, such as the bond strength and water uptake 
in a simulated oral environment. 

In this study, surface silanization with MPS was studied to determine the dura¬ 
bility of an experimental resin bonded to a Ti substrate. We wanted to understand 
more about the effects of (a) pH value of the solution, (b) the aliphatic alcohol type 
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in the solvent, and (c) the hydrolysis time on the bond strength. These aspects have 
not been widely reported in the dental materials literature. We tested whether sol¬ 
vent and pH could significantly affect the compatibility of the silane molecule in 
the adhesion promotion system and hence shear bond strength. In this study, ex¬ 
perimental silane solutions, with MPS concentrations of 0.01 vol%, were prepared 
in /-Pr0H/H20 or Et0H/H20 solutions, the pH of which was adjusted to 4.5, 5.0, 
or 5.5. It has been shown that water sorption affects the long-term stability of dental 
polymers [27]. Therefore, the water sorption was also determined for the experi¬ 
mental resin employed in the shear bond strength investigation in this study. It was 
expected that there would be high sorption tendency for water for the experimental 
resin system. 

2. Materials and Methods 

2.1. Preparation of Experimental Resin System 

The materials used in this study are listed in Table 1. In addition, Fig. 2 
shows the molecular structures of compounds used in the experimental resin and 
silane. The laboratory-made experimental resin contained 78.43 wt% bis -GMA 
and 19.61 wt% methyl methacrylate (MMA). Thereafter, 0.98 wt% of initia¬ 
tor of photo-polymerisation (i.e. camphorquinone) and 0.98 wt% of activator 


Table 1. 

Materials used in the study 


Brand 

Abbr. 

Manufacturer 

Lot number 

Type of material 

Bisphenol-A- 

fa's-GMA 

Rohm, 

TO 109/1 


glycidyldimethacrylate 


Germany 



Methyl methacrylate 

MMA 

Fluka, 

1119540 




Switzerland 


Experimental 

Camphorquinone 

CQ 

Fluka, 

448343/1 

dental resin 



Switzerland 



N .W-Di methyl ami noethyl 

DMAEMA 

Aldrich, 

00628MU 


methacrylate 


Germany 



Ethanol (99.5%) x 

EtOH 

Primalco, 

160306 




Finland 



2-propanol (Ao-propanol) 2 

i-PrOH 

Rathbum, UK 

2J06MA 

Experimental 

Acetic acid (glacial, 99.8%) 

AcOH 

Merck, 

K22810463 

silane solutions 



Germany 

610 

(types 1^1) 

Methacryloxypropy- 

MPS 

Aldrich, 

S01603- 


trimethoxysilane (98%) 


Germany 

022 


Titanium (c.p. grade 2) 

Ti 

Permascand, 

ASTM B26589 Metal substrate 



Sweden 




1 In silane solutions of types 1 and 3, the solvent employed was a mixture of ethanol and water. 

- In silane solutions of types 2 and 4, the solvent employed was a mixture of 2-propanol and water. 
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(/V,iV-dimethylaminoethyl methacrylate, DMAEMA) were added to the mixture 
of fo's-GMA and MMA. The mixture of experimental resin (Table 1) was prepared 
within 15-30 min and packed in light protected polyethylene syringes. Thereafter, 
the resin was stored at +4°C before preparing test specimens. 

2.2. Preparation of Experimental Trialkoxysilane Solutions and Their Stability 
Study 

Two experimental 0.01 vol% solutions of MPS were prepared, in which accurate 
amounts of MPS were dissolved in a solvent mixture of 95 vol%/5 vol% i-PrOH 
and deionized water (Milli-RO Plus 30 water, with a resistivity of 18 Mf2 cm, Mil- 
lipore) or 95 vol%/5 vol% EtOH/deionized water. The MPS was purchased from 
Sigma-Aldrich Chemie GmbH (Steinheim, Germany, Lot S01603-022, purity 98%, 
unredistilled). Three silane solutions with different pH values were prepared in both 
alcohols, in which the pH value was adjusted to 4.5, 5.0, or 5.5 with 1 M acetic acid 
(Merck, Darmstadt, Germany). The carefully sealed silane solutions were allowed 
to undergo hydrolysis at room temperature for 1 h, before they were employed [ 10 , 
11, 21]. These silane solutions were subjected to a stability test before the bonding 
procedure, i.e. by storing the silane solutions in a carefully sealed container in the 
dark at +4°C for 15 weeks. 

2.3. Grit-Blasting of the Ti Substrate 

Titanium used in the studies was commercially pure grade 2 (Permascand Ltd., 
Ljungaverk, Sweden, Lot ASTM B26589). Titanium was cut to ca. 25 mm x 55 mm 
x 1 mm planar slides (N — 48). The surface was finished and polished with silicon 
carbide (SiC) paper (1200 grit; 0.15 pm particles). Then, the slides were cleaned for 
10 min in an ultrasonic bath (Quantrex 90 WT, L&R Manufacturing, Inc., Kearny, 
NJ, USA) and finally rinsed with ethanol and acetone, in order to remove any grease 
and other impurities. A part with an area of approximately 10 mm x 55 mm of 
each planar Ti surface was silica-coated with a Rocatec™ Junior device (3M Espe, 
Seefeld, Germany), where the sand employed in Rocatec™ Plus (3M Espe), was 
110 pm aluminum trioxide (AI 2 O 3 ) abrasion particles with uniform silica (Si 02 ) 
coating. Only the above-mentioned area was needed for the resin stubs to be light- 
polymerized onto surface conditioned (silicatized) and silanized Ti substrates. The 
silicatization was carried out using a pressure of 280 kPa, for a period of 10 s per 
ca. 1 cm 2 of the total area to be silicatized, from a perpendicular distance of 10 mm. 
Prior to silanization, the Ti slides were air-blasted with oil-free compressed air and 
kept in a desiccator. 

2.4. Bonding, Shear Bond Strength Testing, and Silane Solution Stability 
Evaluation 

Table 2 shows the classification of test groups for which the shear bond strengths 
of resin stubs to Ti were measured. Before the resin was bonded, the Ti slides were 
silanized at room temperature in the following manner: 2-3 drops of silane solution 
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Group 

N 

solution 

Solvent in the 
silane solution 


pH 


Time of 
hydrolysis 

Dry 1 (60 min) 

6 

Type 1 

EtOH/H 2 0 

4.5 

5.0 

5.5 

60 min 

Tc 2 (60 min) 

6 

Type 1 

EtOH/H 2 0 

4.5 

5.0 

5.5 

60 min 

Dry (60 min) 

6 

Type 2 

;-PrOH/H 2 0 

4.5 

5.0 

5.5 

60 min 

Tc (60 min) 

6 

Type 2 

/-PrOH/H 2 0 

4.5 

5.0 

5.5 

60 min 

Dry (15 w) 

6 

Type 3 

EtOH/H 2 0 

4.5 

5.0 

5.5 

15 w 

Tc (15 w) 

6 

Type 3 

EtOH/H 2 0 

4.5 

5.0 

5.5 

15 w 

Dry (15 w) 

6 

Type 4 

i-PrOH/H 2 0 

4.5 

5.0 

5.5 

15 w 

Tc (15 w) 

6 

Type 4 

;-PrOH/H 2 0 

4.5 

5.0 

5.5 

15 w 


1 Dry: The shear bond strengths were measured immediately after the preparation of specimens, i.e. 
in dry conditions. 

2 Tc: The shear bond strengths were measured after subjecting the specimens to thermal stress, i.e. 
after thermo-cycling. 



Figure 3. The illustration above shows the test setup for measuring the shear bond strengths of speci¬ 
mens, the system from the front (on left) and from the side (on right). 

were brushed onto the substrate (one coat of silane) and allowed to react for 5 min 
(i.e. visually dry on the surface). Experimental resin was applied as cylindrical stubs 
(n = 6) with a diameter of 3.6 mm and height of 10 mm onto the surface-treated Ti 
slides. Figure 3 presents the test setup for measuring the shear bond strengths. The 
resin stubs were light-cured (Optolux 501, SDS Kerr, Danbury, CT, USA) for 40 s 
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at an average light intensity of 800 mW/cm 2 . For completing the polymerization, 
the specimens were also cured in a light-curing oven unit (Vision Beta, 3M Espe, 
Seefeld, Germany) for 15 min in a vacuum. This is a custom procedure carried out 
at dental laboratories. The molds were then removed carefully by pressing at the 
same time the cured resin stub with a hand-piece instrument. The shear bond test 
was conducted for one half of the specimens after a dry storage in a desiccator at 
room temperature, i.e. in ‘dry storage conditions’ (labeled “Dry”). The other half 
(labeled “Tc”) were subjected to thermal stress for 6000 cycles at temperatures 
alternating between +5°C and +55°C with an exposure time of 30 s and a transfer 
time of 2 s. In addition, after a storage period of silane solutions in the dark at +4°C 
for 15 weeks, the shear bond strengths were measured once again using the same 
test setup as described above, to carry out the stability investigation. The silane 
solutions were allowed to stabilize to room temperature before use. Shear bond 
strengths were measured with a universal material testing machine (LRX, Lloyd 
Instruments Ltd., Lareham, UK), using a crosshead speed of 1.0 mm/min. This 
machine was used according to the recommendation stated in ISO 10477 [28]. The 
shear bond strength was calculated using NEXYGEN 2.0 software (Nexygen, Lloyd 
Instruments Ltd., Lareham, UK). The following formula was used to calculate the 
shear bond strength (cr): 


o = F/A, 

where F is the applied load at the failure of the bond during the shear test and A is 
the cross-sectional area of resin stub. 

2.5. Water Sorption Study 

The water sorption test was based on ISO 3696:1987 (E) and carried out accord¬ 
ingly [29], The test specimens (N = 10) were stored in contact with 15 ml of 
deionized Milli-Q water (grade 2) at +37°C in sealed polypropylene flasks for the 
following time periods: 0,4,5, 6,7,11,15,22, 36,40, 99 and 187 days. The weight 
increase was calculated as the weight percentage (wt%) of the original test speci¬ 
men. 

2. 6. Statistical Analysis 

The mean values for shear bond strength data were analyzed in order to determine 
the statistical significance of the results using ANOVA. The statistical analysis was 
performed using SPSS (Statistical Package for Social Science, SPSS Inc., Chicago, 
IL, USA) software for Windows. The dependent variable (shear bond strength) was 
discussed in terms of the independent variables (i.e. the pH value and hydrolysis 
time of silane, alcohol type, and submission of specimens to thermal stress), fol¬ 
lowed by post-hoc test. 
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3. Results 

ANOVA revealed that the independent variables (see Section 2.6) had some effect 
on shear bond strength. However, one of the independent variables, i.e. subject¬ 
ing the specimens to thermal stress, had the most significant effect. In dry storage 
conditions, the shear bond strengths varied between 7.6 and 10.9 MPa (ANOVA, 
p < 0.05), when the Ti-substrate was silanized using MPS in /-PrOH/HaO solution. 
The highest shear bond strength was obtained (10.9 MPa) at pH 4.5 in z-Pr0H/H20 
solution, whereas the lowest value was 6.5 MPa at pH 4.5 obtained using MPS 
in Et0H/H20 solution. After thermo-cycling, the shear bond strengths of all test 
groups were reduced in both alcohol/water solution types and at all three pH levels. 
In the case of 1 h hydrolysis for the silane solution and after subjecting to thermal 
stress, the shear bond strength was least reduced at pH 4.5 from 6.5 MPa to 6.3 MPa 
(ANOVA, p < 0.05), when Ti-substrate was silanized with MPS in EtOH/H20. In 
the case of MPS in i -PrOH/H20 solution, the shear bond strength least reduced at 
pH 5.5 (from 7.5 MPa to 5.8 MPa). 

Figure 4 shows the results of shear bond strength measurements before and after 
the stability investigation of different silane solutions. For silane solutions aged for 
15 weeks, the shear bond strengths were observed to be numerically higher in both 
alcohol/water solutions and at each pH level tested. The highest shear bond strength 
was achieved at pH 4.5 and the lowest at pH 5.5. In the case of MPS in EtOH/H20 
solution, the highest shear bond strength was 12.4 MPa in dry conditions (dry stor¬ 
age) at pH 4.5. In the case of MPS in z-PrOHThO solution at pH 5.5 after dry 
storage, the shear bond strength was the lowest i.e. 8.5 MPa (ANOVA, p < 0.05). 



Figure 4. The shear bond strength of the specimens prepared using either ‘fresh’ silane solution, i.e. 
the hydrolysis reaction time for MPS silane in ethanol (EtOH) and iso-propanol (i-PrOH) solutions 
was 1 h, or silane solution after 15 weeks (w) hydrolysis reaction time. The tests were performed 
either after dry storage conditions (‘Dry’) or after subjecting to thermo-cycling (‘Tc’). Different bars 
indicate the pH value of silane solution. 
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Figure 5. The curve demonstrates the weight increase during the water sorption test for the experi¬ 
mental dental resin. 

Thermo-cycling also reduced the shear bond strengths, when 15-week-old silane 
solutions were employed. However, the shear bond strengths did not decrease sig¬ 
nificantly at pH 4.5 in the case of MPS in i -PrOH/HaO solution. 

Figure 5 shows the change in weight during the water sorption test. After 7-day 
immersion time, the water sorption first slightly decreased the weight of the speci¬ 
mens ( ca . 0.4 wt%), because of the release of unreacted residual monomers. After 
11-day immersion time, the weight of the specimens increased by ca. 1.7 wt%. 
The saturation point of water sorption was achieved in 22 days, after which the 
weight of specimens remained constant. At the end of water uptake capacity mea¬ 
surement, the weight of specimens had increased by approximately 3.5 wt%. 

4. Discussion 

The new information obtained in this study on adhesion promotion with MPS so¬ 
lutions should improve understanding and application of the silane-aided bonding 
concept. In addition, the ageing time study of experimental silane solutions has 
some scien ti fic interest, since no inhibitors were used in the experimental solutions 
to inhibit the hydrolysis of MPS. Previously, it had been reported that the metal 
cleaning procedure as well as the concentration and pH value of silane affect the for¬ 
mation of silane films i.e. silane deposition time and the rate of adsorptioning onto 
metals, thus affecting substantially the adhesion promotion performance [3, 12]. 
Therefore, in this study, the effects of pH and the aliphatic alcohol solvent system 
used for the bonding capability of the silane molecule between &A-GMA/MMA 
resin system and silica-coated Ti surface were evaluated. Moreover, the effects of 
subjecting the experimental resin stubs to thermal stress (artificial aging) and the 
stability of silane solution after 15 weeks aging were studied based on the fact that 
dilute MPS solutions are known to retain their coupling properties for a long period 
[30]. 15 weeks correspond to a clinically relevant time period for checking the sta- 
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bility of experimental silane solutions. There has also been continued interest and 
demand in developing experimental silane-based adhesion promoters for applica¬ 
tions in dentistry and in general in adhesion technology. 

The tested silane of interest and choice was MPS (0.01 vol%) in iso-propanol 
(i-PrOHytbO or ethanol (Et 0 H)/H 20 solutions, in which pH had been adjusted to 
4.5, 5.0, or 5.5. For one half of the specimens, the shear bond test was conducted 
after storage in dry conditions at room temperature for 2 h, whereas the other half 
were subjected to thermal stress (thermo-cycling) to simulate the aging process in 
oral environment. The other tested materials, Ti and i?is-GMA/MMA resin, were 
selected because of their broad utilization not only in dentistry but also in some 
medical devices [31]. Actually, Ti works excellently as a biomaterial and its sur¬ 
face is easy to modify with silanes, in principle, without [ 22 ] or with silica-coating, 
because of its pre-existing thin oxide layer on its outermost surface [10]. How¬ 
ever, silicatization is often recommended prior to silanization in stead of a direct 
silanization [4, 20, 21], Although, MPS has shown some preliminary signs of os- 
teoconductive properties but still can be a relevant silane of choice in biomaterials 
research [32], 

In dental laboratories, tribochemical Rocatec™ (3M/Espe) system as a cus¬ 
tom pretreatment method is widely employed for metals, amalgams and ceramics 
[ 6 , 23]. In this study, the Rocatec™ treatment was supposed to produce a relatively 
uniform and visually rough (AI 2 O 3 + SiC> 2 ) outer layer on Ti surface. Figure 3 
shows the test setup for measuring the shear bond strength. In terms of tribochem¬ 
ical Rocatec™ treatment, the sandblasting of Ti plates created a mi croretentive Ti 
surface. This means that the adhesion of the studied resin system will increase, 
as Matinlinna and co-workers had previously reported [21, 22], Therefore, in this 
study, the failure of the bonds during the shear test was also cohesive in the resin 
for all specimens. Before the application of the experimental resin onto Ti substrate, 
the Rocatec™ treated surface was silanized using four different silane solutions ( cf. 
types 1-4, Table 2) with controlled pH levels. The pH levels used were based on of 
the most often used pH values in the literature with MPS. Figure 1 shows two key re¬ 
actions that are supposed to occur in the silane solution during its hydrolysis [ 1 , 2 ], 
In the first step, the alkoxy groups are hydrolysed resulting in intermediate silanol 
species. The reaction is relatively fast for the kinetically labile methoxy groups. In 
the second step, the silanols condense to form hydrogen bonds and siloxane bonds 
(-Si-O-Si-) to connect the monomer resin phase chemically to the conditioned Ti 
substrate [4], In fact, it has been proposed that the pH level may control both the 
hydrolysis and condensation reactions in dilute silane solutions [33]. In addition, 
these two primary reactions can also be influenced by other solution variables such 
as catalyst, silane concentration, and temperature, which are beyond the scope of 
this study but have been discussed by others [34, 35]. In fact, the hydrolysis of MPS 
does not require addition of any acids, because the deionized water is slightly acidic, 
i.e. its pH is between 6 and 7. If acid is added to the diluted MPS solutions, the ki¬ 
netically controlled hydrolysis reaction will be faster and more effective. Therefore, 
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after 15 weeks, it is most likely that MPS would undergo hydrolysis in pure deion¬ 
ized water, too. This effect will be studied further. 

The solvent might affect the siloxane film formation and hence adhesion pro¬ 
motion. Therefore, two aliphatic, “typical” alcohols were employed for comparing 
the obtained shear bond strengths at three pH values in two hydrolysis and ageing 
times. However, methanol as the simplest aliphatic alcohol was excluded from the 
test setup due to its obvious hazards (toxicity). According to the shear bond strength 
results, i-PrOH seems to be a more suitable solvent in conjunction with water for 
the MPS solution, in particular, if the hydrolysis time is relatively short. An expla¬ 
nation could be the very high surface energy of the AI 2 O 3 + SiOo coated Ti surface, 
and lower surface tension of i -PrOH resulting in easier wetting as well as slightly 
slower evaporation of z'-PrOH (bp. 82°C, STP) compared with ethanol (bp. 79°C, 
STP). Thus, the ratio between surface tension and viscosity has been reported to 
be higher for EtOH than /-PrOH [36]. Therefore, a binary mixture of z'-PrOH and 
water might form a siloxane film more prone to promote adhesion on the outermost 
surface of the metal substrate. This effect should be investigated further in the fu¬ 
ture. This research also confirmed that 1 h time period is long enough for activating 
the inorganic groups in MPS molecule in i -PrOH/HaO. 

In dry storage conditions, the highest shear bond strength obtained was 10.6 MPa, 
comparable to the value obtained with MPS in Et 0 H/H 20 , where the highest mean 
shear bond strength was 8.2 MPa (ANOVA, p < 0.05). In addition, the lower pH 
value seems to activate a rapid hydrolysis reaction of MPS in z'-Pr 0 H/H 20 so¬ 
lution. When silanization was carried out using 15-week-old MPS prepared in 
/-Pr 0 H/H 20 at pH 4.5, the shear bond strengths obtained were slightly higher, even 
after thermo-cycling. If the stability test storage time had been longer, the bonding 
capability of MPS might have decreased. We observed that MPS in z-Pr 0 H/H 20 
already showed some signs of ageing, i.e. initial SiC> 2 -gel formation. Such gel-like 
Si obviously makes the coupling properties inferior. To activate the alkoxy groups 
of MPS in Et 0 H/H 20 , 1 h hydrolysis time is usually enough [5, 10, 20]. Interest¬ 
ingly, the highest shear bond strength (12.4 MPa) in EtOH/H 20 was obtained at 
pH 4.5 using a silane solution that had a hydrolysis period of 15 weeks. The hy¬ 
drolysis in EtOH/H 20 seems to occur at a slower rate by hindering the very rapid 
condensation of activated silane, which apparently occurs due to the presence of 
appropriate catalyst [20-22], Therefore, the reaction activity of MPS in EtOH/H 20 
solution may be increased after 15 weeks hydrolysis. This behaviour merits further 
investigation in the future. 

It has been shown that both the shear bond strength and tensile bond strength 
depend highly on the materials and the geometry of the test arrangement [37]. 
Moreover, mechanical testing for the strength of a material is a substantially more 
complicated issue than it appears at first sight. The definition is easy enough: stress 
at failure but the ultimate question remains: does the testing simulate adequately 
the real clinical conditions in the oral environment [38]? It can be summarized that 
in dental materials science, the shear bond strength is a widely used variable for 
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estimating how strong the union between dissimilar dental materials would be. In 
this study, the number of specimens in a single test-group was relatively low, i.e. 
six. Nevertheless, such numbers are statistically relevant and have, in principle, suc¬ 
cessfully been used in dental materials research and testing previously [20, 39]. 

The silanization process was based on an aqueous silane solution at con¬ 
trolled pH. Typically, the pH range between 4.5 and 5.5 is commonly used for silane 
solutions based on published literature [1, 4, 10, 11, 20], Some investigations have 
indicated that the pH of an organosilane coupling agent solution can also influence 
the nature of the various reactions which occur in solutions [35]. In the analysis of 
data between the groups, there were many independent variables (i.e. the pH and 
hydrolysis time of silane, alcohol type, and subjecting to thermal stress) as well as 
their interactions that had some effect on the shear bond strengths. Thermal stress 
caused the most significant difference between the shear bond strengths of various 
groups. In addition, the hydrolysis of MPS occurred most readily in the solution 
containing iso-propanol. This study did not find a significant relationship between 
pH in the range of 4.5-5.5 and shear bond strengths for the two solvent systems 
tested. Nevertheless, silane solutions with the lowest pH value (4.5) seemed to pro¬ 
duce, on average, slightly higher bond strengths than those obtained with silane 
solutions with higher pH values, in the case of MPS dissolved in i-Pr0H/H20. 
The tested pH range was selected on the basis of the literature [1, 4, 5] and in the 
future studies we may widen this range. The polarity of tested alcohol solvents did 
not differ enough: the polarity index for EtOH is 5.2 and that for i-PrOH is 4.0 
[40]. Therefore, future studies could assess the effect of lower and higher pH val¬ 
ues using other types of alcohols, e.g. 1-butanol or the highly polar, electronegative 
2 ,2,2-trifluoroethanol. 

Figure 4 presents the results of thermo-cycling and silane stability (storage) tests. 
As expected, thermo-cycling produced lower mean shear bond strength values with 
all silane solutions. According to the literature, thermo-cycling is generally known 
to decrease the shear bond strengths [10, 20-22, 25]. However, after 15 weeks of 
ageing, the shear bond strengths were found to be relatively sufficiently high, if 
MPS in /-PrOH/H20 solution, adjusted at the lowest used pH value, was employed. 
Interestingly, the shear bond strengths did not decrease significantly after exposure 
to thermal stress. The relatively rapid hydrolysis of MPS in ;-Pr0H/H20 solution 
can thus considered to occur in stable conditions, if the silane solution is stored 
carefully in sealed flasks in the dark at +4°C prior to the bonding procedure. In ad¬ 
dition, the thermal stress might, to some extent, increase the condensation reaction 
of this kind of MPS solution. However, this needs to be investigated more precisely 
to obtain further evidence of this presumption. In the case of EtOH, it was recog¬ 
nised that the age of the silane solution played an important role and had influence 
on shear bond strength. After subjecting to thermal stress, the highest shear bond 
strength was obtained at the highest pH value in EtOH/H20 solution. According to 
the results of shear bond strengths, the most suitable pH value for activating MPS in 
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Et0H/H20 solution was 5.5, whereas the activation in /-PrOH/water solution was 
found to be most effective at pH 4.5. 

Water sorption of polymers plays an important role in long-term stability of den¬ 
tal appliances in an aqueous environment [27]. Therefore, it was also relevant to 
study the diffusion of water molecules into the experimental polymer used in this 
research. According to the results of water sorption, the weight of specimens first 
decreased by 0.4 wt% in 7 days. The weight loss most probably indicates that un¬ 
reacted residual monomers in the polymerized te-GMA/MMA resin were released 
(this was not detected by chemical analysis, though). In the course of time, the 
water sorption then stabilized within 22 days, when the weight of specimens had 
increased by ca. 3.5%. After 22 days, the amount of water did not increase during 
the subsequent period of 165 days. According to the results of this water sorption 
and bond durability study, MPS in either Et0H/H20 or i-PrOH/fUO solution, is a 
suitable promoter in the adhesion of &A-GMA/MMA resin to silica-coated Ti sub¬ 
strate, when the pH of silane solution is between 4.5 and 5.5. Moreover, the water 
sorption of the experimental dental resin was relatively low. 

5. Conclusions 

Within the limited scope of this pilot study, the following conclusions can be 
drawn: 

(1) The pH range of 4.5 to 5.5 is relevant to activate MPS in the studied two 
solvent systems, based on EtOH and i -PrOH, and with a final hydrolysis time of 
15 weeks. 

(2) In the case of /-Pr0H/H20 at pH 4.5, the highest adhesion promotion ca¬ 
pacity for MPS was obtained within 1 h. The thermal stress (i.e. aging by thermo¬ 
cycling) did not reduce the shear bond strength values significantly, i.e. from 
10.2 MPa to 7.7 MPa (ANOVA, p < 0.05). In addition, if 15-weeks-old silane so¬ 
lutions were used for adhesion promotion, the shear bond strength values did not 
decrease dramatically, i.e. ~1^4 MPa/test group. 

(3) The water uptake of the experimental Mv-GMA/MMA-based non-filled 
polymer was ca. 3.5 wt% in 187 days. 
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Abstract 

This study was designed to investigate the surface properties and the thickness of organofunctional silane 
films formed on leucite-reinforced feldspathic (LRF) ceramic surfaces after different methods of silane ap¬ 
plication using X-ray photoelectron spectroscopy (XPS). Six LRF ceramic discs (Mirage®, Myron Inti., 
Kansas City, KS, USA) were produced according to the manufacturer’s instructions and polished to a 1 pm 
finish. A silane coupling agent was applied to five ceramic discs using different application methods: (A) im¬ 
mersion in silane solution for 60 s and dried with compressed air spray for 15 s; (B) as method A but heat 
treated with hot air at 50 ± 5°C for 15 s; (C) silane was applied with a brash for 60 s and dried with com¬ 
pressed air spray for 15 s; (D) as method C but heat treated with hot air at 50± 5°C for 15 s; (E) as method C 
followed by rinsing the specimens with hot water (15 s) and drying with hot air for 30 s. The ceramic sur¬ 
faces were then analyzed by XPS at 15°-60° take-off angles. The results showed the highest and the lowest 
increase of Ci s (C in the structure of silane) for treatments A and E, respectively. Signals of COO or C-COO 
in the high resolution spectra of Ci s were observed for all silane-treated ceramic surfaces. The proportion of 
C-Si groups on the silane-treated surfaces compared with the untreated surface was significantly increased. 
XPS analysis indicates that the thickness of the silane film on a leucite-reinforced feldspathic ceramic sur¬ 
face is a function of the mode of application. The lowest film thickness of silane was found for treatment E, 
which more closely matches that of a monolayer. 
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1. Introduction 

Dental ceramics as a highly esthetic material are being used extensively in to¬ 
day’s dentistry. The major desirable properties of ceramics are their durability, 
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biocompatibility, and resistance to abrasion and chemical degradation. Ceramic 
restorations such as ceramic inlays/onlays, laminate veneers, crowns, and fixed par¬ 
tial dentures are usually cemented onto the tooth substructure with resin composite 
luting agents. In addition, resin composites are used to repair fractured ceramic 
restorations in repair systems. The adhesive bond between ceramic surface and 
resin composite is usually created via two mechanisms, micro-mechanical attach¬ 
ment by hydrofluoric acid (HF) etching and/or gritblasting, and chemical bonding 
using a silane coupling agent. Studies on evaluating bond strengths between ce¬ 
ramic and resin composite have arrived at different conclusions about the effect 
of surface treatments. Several studies have reported that optimum bond strengths 
were obtained using a combination of an etched ceramic surface with silane treat¬ 
ment [1-3]. However, a major concern exists on the hazardous effects of HF as an 
etchant for dental ceramics [4]. In addition, new glass-ceramics are being developed 
that have such a fine crystalline phase that the etching process might have no fur¬ 
ther effect in improving the micromechanical retention over what can be achieved 
simply by grit blasting. 

The use of silane coupling agents in enhancing the bond of resin composites 
to silica-based ceramics is well accepted in the dental literature [5-8]. A silane 
coupling agent with the general formula R-Si-(OR ')3 is an organosilicon com¬ 
pound with a ‘coupling’ action. The organo-functional group (R) is chosen for 
reactivity with the organic matrix, while the hydrolyzable groups (R / ) are pre¬ 
cursors in the formation of silanol groups (Si-OH) for bonding to mineral (e.g., 
ceramic) surfaces. The most commonly used silane in dental applications is 
y-methacryloxypropyltrimethoxysilane (y-MPTS). The choice is based on the 
compatibility of the methacrylate group with the dimethacrylates used in compos¬ 
ite technology. An excellent overview on silanes and their clinical applications in 
dentistry has been provided elsewhere [9]. 

In a previous study by Hooshmand et al. [10], a rod-to-rod tensile bond strength 
test arrangement was used to show that using silane the resin bond to a leucite- 
reinforced feldspathic ceramic could be improved to such a degree that cohesive 
failure occurred within the luting resin rather than at the resin-ceramic interface. 
A freshly prepared silane solution was used, which had been left for 2 h for hydrol¬ 
ysis. It was concluded that a durable resin-ceramic bond could be obtained by using 
an appropriate silane application without the need for HF acid etching the cera mi c 
surface. The silane treatment method consisted of brush application for 60 s, hot air 
drying at 50 ± 5°C for 15 s followed by rinsing with hot water for 15 s and drying 
again with hot air for 30 s. 

In addition, the interfacial fracture toughness of smooth and roughened leucite- 
reinforced feldspathic ceramic surfaces bonded with a luting resin was investigated 
in another work [11]. These results also showed a reliable bond between resin 
and ceramic without HF acid etching when using the optimized silane treatment 
method, confirming the earlier observation [10]. A possible explanation for these 
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observations was that the silane application procedure used resulted in the forma¬ 
tion of an monolayer of the silane coupling agent by washing away any unreacted 
silane primer components, rather than the formation of an interphase layer as de¬ 
scribed by Ishida and Koenig [12]. 

X-ray photoelectron spectroscopy (XPS) is widely used as a direct surface ana¬ 
lytical technique and involves the detection and analysis of electrons over a range 
of binding energies. The purpose of this study was to investigate using XPS the 
surface properties of organofunctional silane films formed on leucite-reinforced 
feldspathic ceramic surfaces after different methods of silane application. The in¬ 
tention was to correlate the thickness of silane film on ceramic surfaces with the 
results of the bond strength and fracture toughness of resin-ceramic interface from 
earlier observations [10, 11]. Such work has not previously been reported in the 
dental literature. 


2. Experimental 

2.1. Materials and Methods 

Six leucite-reinforced feldspathic ceramic discs (Mirage®, Myron Inti, Kansas 
City, KS, USA; batch no. J2715K, Body D 4 ) with approximately 10 mm in di¬ 
ameter and 2 mm in thickness were condensed into discs and fired in a vacuum 
oven (Vacumat 200, Vita Zahnfabrike, Germany) according to the manufacturer’s 
instructions. The ceramic discs were polished to a 1 pm finish with diamond pastes 
(Buehler Ltd, Coventry, UK) in order to ensure high-quality signal from the surface 
for analysis. The specimens were then cleaned ultrasonically in acetone for 15 mi n. 
To prevent water vapor contamination in the high-vacuum chamber of the spec¬ 
trometer arising from the absorbed water in the bulk of ceramic, the ceramic discs 
were kept in a vacuum oven at 110°C for 48 h and then transferred to a vacuum des¬ 
iccator at room temperature on the day before analysis. Adsorption of water from 
the atmosphere during transportation from the oven to the spectrometer was found 
not to be a problem. 

A silane solution, consisting of 2.5% y-methacryloxypropyltrimethoxysilane (y- 
MPTS; from Sigma Aldrich, St Louis, MO, USA) in a solvent of 2.5% acetic acid 
and 95% ethanol by volume (BDH Ltd, Poole, UK) was prepared. The silane solu¬ 
tion was left for 2 h to hydrolyze before being used. Five ceramic disc specimens 
were treated each with one of silane application methods as follows: 

(A) Ceramic disc was immersed in the silane solution for 60 s and then dried with 
compressed air spray at room temperature for 15 s. 

(B) Ceramic disc was immersed in silane solution for 60 s and heat treated with 
hot air at 50 ± 5°C for 15 s. 

(C) Silane solution was applied with a brush for 60 s and then dried with com¬ 
pressed air spray at room temperature for 15 s. 
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(D) As method C but heat treated with hot air at 50 ± 5°C for 15 s. 

(E) As method C followed by rinsing the specimens with hot water at 80° C (15 s) 
and drying with hot air for 30 s. 

The remaining disc was kept untreated as a control. 

2.2. XPS Analysis 

The XPS analysis of the ceramic discs was carried out on a VG CLAM 2 (Vacuum 
Generators, East Grinstead, UK) with the Mg K„ X-ray source run at 100 W, 10 kV 
and 10 mA. Survey scans with a range corresponding to binding energies of 0- 
1100 eV were used for quantification at a pass energy of 100 eV. To obtain high 
resolution scans (narrow scans) for determination of chemical states, a pass energy 
of 20 eV was selected. All samples were analyzed at 15°, 30°, 45° and 60° take-off 
angles. 

The binding energies for all spectra were calibrated assuming the major compo¬ 
nent of the Cis peak to result from hydrocarbon contamination at a binding energy 
of 285.0 eV [13]. In addition to elemental composition, high resolution narrow 
scans of Ci s for all groups at 15° take-off angle were also analyzed in order to 
obtain information on the chemical states. These were analyzed using a computer 
curve-fitting program, assuming the peak envelope to consist of the following com¬ 
ponents found in the structure of y-MPTS: carbon singly bonded to oxygen (C-O), 
carbonyl (C=0), carboxyl (COO) or bonded carboxyl (C-COO), and C-Si at bind¬ 
ing energies of +1.5, +2.7-3, +4, +0.7, and —0.7 eV, respectively, relative to the 
hydrocarbon peak (C-H). Voigt peak shapes were assumed. In the routine, peak 
width and energy were fixed and only peak heights varied for each component to 
obtain optimum fit between the experimental and reference spectra. 

Atomic concentrations were calculated using Scienta software (Scienta Instru¬ 
ments, Upsala, Sweden) and relevant sensitivity factors for the elements [14], 

The thickness of the silane films on the ceramic surfaces following the five treat¬ 
ment methods was estimated from photoelectron signal intensities by the following 
equation [15]: 



where d is the overlayer thickness, 7 is the ratio of photoelectron signal intensities 
from the overlayer to the substrate of a particular element, 7 0 is the photoelectron 
intensity from the same element at the depth d, 0 is the take-off angle, and k is the 
inelastic mean free path of the element. 

Since aluminium was present only in the ceramic substrate, photoelectron signal 
intensities of A Up (7) from the wide scans of silane-treated ceramic surfaces at 30° 
take-off angle (6) and that of untreated surface at 60° take-off angle (7 0 ) were used 
in the above equation. At 15° take-off angle, signals were assumed not to be strong 
enough to be yielded from the overall of silane film because the X-ray surface flux 
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density decreases as the sample is tilted to lower angles. The value chosen for the 
inelastic mean free path of Al 2 P was ~2.4 nm [16, 17]. 

3. Results 

The surface composition (in atomic %) of the major elements for the untreated (con¬ 
trol) and silane-treated ceramic surfaces at different take-off angles are presented in 
Table 1. A significant increase of atomic percent for Ci s (C in the structure of silane) 
on silane-coated ceramic surfaces, except for treatment E, at 15° take-off angle was 
found when compared with untreated control. Atomic concentrations (in %) of Ci s 
for different silane treatment methods at 15° take-off angle are shown graphically 
in Fig. 1. The most and the least increases of Ci s were found for treatments A and 
E, respectively. An absence or decrease of atomic percent for K 2 P and Nai s and 
also decrease of Al 2 P , Mgi s , Si 2 P (elements present in the bulk of ceramic) at 15° 
take-off angle were also observed. This suggests the presence of silane films on all 
silane-treated ceramic surfaces. 

For the untreated ceramic surface, the concentrations of Al 2 P , Mgi s , Si 2 P , Oi s , 
K 2 P and Nai s (atomic %) increased at 60° take-off angle, approaching the ceramic 
surface. There was also a decrease of atomic percent for Ci s from 15 to 60° take-off 
angle, assuming hydrocarbon contamination at the lower take-off angles. 

Treatments B and D were heat treated versions of treatments A and C, respec¬ 
tively. Significant decreases of Ci s (atomic %) for treatments B and D were found 
compared with those of treatments A and C, respectively. 

There was also a significant decrease of Al 2 P (atomic %) for treatment A, fol¬ 
lowed by treatments B and C when compared with the untreated ceramic disc at 
15° take-off angle. The least reduction of Al 2 P was found for treatments D and E. 

Results for the chemical states of elements obtained from narrow scans of Ci s 
signals at 15° take-off angle for the untreated and silane-treated ceramic surfaces 
are presented in Table 2. The carbon peaks had complex peak envelopes due to the 
presence of multiple carbon-oxygen functional groups. Signals of COO or C-COO 
in the high resolution spectra of Ci s were observed for all silane-treated ceramic 
surfaces. No signals of COO or C-COO were detected for control ceramic disc. 
The proportion of C-Si groups on the silane-treated surfaces compared with the un¬ 
treated surface was significantly increased. The proportion of hydrocarbons (C-H) 
as a whole in the signal was reduced in all silane-treated ceramic surfaces. The con¬ 
centration of C=0 groups also increased further upon heating in treatments B, D 
and E. 

The calculated values for the thickness of the silane coatings are shown in Ta¬ 
ble 3. Treatment A gave the highest film thickness (1.02 nm), which was found to 
reduce after heat treatment (0.84 nm) in treatment B. A thinner silane film resulted 
from treatment C (0.96 nm) when compared with treatment A, followed by a further 
reduction in silane film thickness for treatments D and E. The lowest film thickness 
of silane was found for treatment E (0.6 nm). 
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Figure 1. XPS atomic % of Ci s for different silane treatment methods at 15° take-off angle. 

Table 2. 

XPS area % of functional groups in the Ci s signals at 15° take-off angle for different silane treatment 
methods and untreated control 
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Estimated thicknesses of silane films 

. on ceramic surfaces for different silane treatment methods 


Treatment A 

Treatment B 

Treatment C Treatment D 

Treatment E 

Thickness (nm) 

1.02 

0.84 

0.96 

0.72 


0.6 


4. Discussion 

It has been suggested that the optimum time for adsorption from a silane solution 
is after hydrolysis and before oligomerization of silanols since the silane coupling 
agents are most effective when adsorbed as monomers [18]. In this study, simi- 
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lar to previous works, a freshly prepared silane solution based on y-MPTS, acetic 
acid and ethanol was used, despite this silane solution having been reported to be 
effective for coupling ceramic surfaces even over 1-year storage period [19]. 

XPS analysis showed the presence of silane films on ceramic surfaces. This was 
revealed by (1) reduction of major elements present on the uncoated ceramic surface 
(Al 2p , Mgi s , Si 2 P ), (2) increase of Ci s (C present in the structure of silane), and 
(3) absence or significant decrease of K 2p and Nai s after silanization at 15° take-off 
angle (Table 1). However, the major elements present on untreated ceramic surface 
were detectable in all silane treatment methods even at 15° take-off angle. This may 
be due to the migration of these elements into the silane film as has been observed 
in other studies [20]. The other explanation for this finding is that these elemental 
signals of ceramic surface through a very thin layer of silane film (less than 1 nm) 
may be unavoidable. 

The concentration of Al 2p , Si 2p , and Oi s increased after heat treatment at 15° 
take-off angle (treatment B compared with treatment A, and treatment D compared 
with treatment C). Further, this might have occurred because of diffusion of above 
elements from the ceramic surface into the silane film as a result of an attack of the 
substrate, and/or a reduction of film thickness due to oxidation [21]. 

From the narrow scan data (Table 2), signals of COO or C-COO were detected in 
the high resolution spectra of Ci s for all silane treatment groups, again confirming 
the presence of silane coatings on the treated ceramic surfaces. The proportion of 
C-Si groups on the silanized surfaces compared with uncoated control surface was 
also significantly increased. The proportion of hydrocarbons (C-H) as a whole in 
the signal was reduced in all silane-treated surfaces compared with control. It was 
assumed that hydrocarbon contamination had been replaced by silane during treat¬ 
ment. However, the hydrocarbon concentrations (above 40%) for all treatments are 
too large to be attributed solely to the carbon present in the silane. It may partially 
be due residual contamination not displaced by the silane [22], 

The concentration of C=0 groups also increased further upon heating for treat¬ 
ments B, D, and E. This is in agreement with the observation of another study by 
van Ooij and Sabata [21], 

If it is assumed that the organosilanes uniformly cover the mineral surfaces, the 
thickness of the adsorbed film can be determined from the XPS data [23]. Thus, the 
thickness of the silane coatings on the ceramic surfaces following the five silane 
treatments was estimated. It was found that the ceramic surface immersed in the 
silane solution (treatment A) gave the highest film thickness. Application of the 
silane on the ceramic surface by a brushing technique (treatment C) as opposed to 
immersion (treatment A) resulted in a thinner silane layer. The thickness of silane 
film was again reduced after heat treatment in both treatment methods. Heat treat¬ 
ment eliminates water, alcohol and other by-products and helps the silane-silica 
condensation reaction [24]. A further reduction of silane film thickness for treat¬ 
ment E (0.6 nm), the optimized method for silane application from previous studies 
on bond strength and interfacial fracture toughness of resin to ceramic, was also 
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observed. However, it should be noted that a possible disadvantage of XPS study 
of silanes could be the instability of silane compounds in high vacuum [25]. If 
volatilization of parts of coatings has occurred, the values in Table 3 represent the 
remaining and most stable part of the coatings which in reality might be consid¬ 
erably thicker. With this proviso, the thickness of silane coating for treatment E 
(rinsed by hot water) can be assumed to be equivalent to a monolayer (up to 1 nm). 
It has been pointed out that optimum bond strength and, consequently, greater ad¬ 
hesion between polymer and a hydrated mineral substrate could be achieved when 
a monolayer of silane was used [26]. 

Silanes form essentially three different structures in the interphase [12, 27]. The 
outermost layers consist of small oligomers which are physisorbed to the glass so 
that they can readily be washed away by organic solvents or water at room temper¬ 
ature. Nearer the glass surface there is a second region, which consists of oligomers 
similar to the outer layers except for a few siloxane bonds connecting the oligomers 
and is hydrolyzable by hot water. In the region near the glass, uniformity and extent 
of crosslinking of the layers increases and a regular three-dimensional network is 
formed which is hydrolytically quite stable. Only this last layer of coupling agent 
on the surface is necessary for improved bonding. The major portion of the silane 
is, therefore, of no value in bonding, and may even be detrimental [28, 29]. Hence, 
improvement may be possible by removing the outermost layer of the silane film 
and leaving the most stable and chemisorbed layer on the ceramic surface. The re¬ 
maining silane layer is composed of more firmly held polysiloxane networks. This 
very thin layer of chemisorbed polysiloxanes is considered sufficient to chemically 
bond the polymer to the mineral substrate and is not too thick to weaken the proper¬ 
ties of the interface [25]. In order to ensure a monolayer of the silane, early removal 
of the excess loosely bound oligomers is preferred since there is an increasing re¬ 
sistance to desorption of these oligomers due to the homopolymerization of the 
organofunctional groups [12]. 

The adsorption of silanes on E-glass fibers has been investigated by several ana¬ 
lytical techniques [30]. The strength of the silane-glass interaction has been related 
to the extent of removal of the adsorbed species by washing with a range of solvents. 

Other studies have also used X-ray photoelectron spectroscopy to measure the 
thickness of silane films on other mineral substrates [23, 25, 31]. The overlayer 
thickness of five different types of silanes on E-glass fibers was determined [23]. 
The thickness of the adsorbed silane layer was in the range of 1.5-3.0 nm (2.6 nm 
for y-MPTS). In another study by Dupraz et al. [25], the thickness of different 
silane coatings on hydroxyapatite powders (filler in composite biomaterials) has 
been estimated. Attenuation in the Cao p and P 2 p signal intensities due to the silane 
coating was not total, indicating that the substrate contributed to the analysis and 
that the coating was thinner than the scan depth. They assumed that the scan depth 
was limited to 10 nm and the thickness of the silane film could be estimated using 
the decrease of the Ca or P (at%), elements present in the substrate, and not in the 
silane, at the surface. The estimated thickness of y-MPTS coating was reported to 
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be approximately 1.9 nm. It should be noted that differences in types of substrates, 
silane solutions, methods of application, type of XPS instrument, and way of data 
analysis from one study to another would affect the reported results. Thus, compar¬ 
ison of the results of this study with others must be treated with due caution. 

The formation of a thin chemisorbed layer of y-MPTS on the ceramic surface 
as a consequence of removal of the loosely bound outermost layers of the silane 
coupling agent when using this particular silane treatment method is consistent with 
the strength and durability of the resin to ceramic bond previously reported [10,11]. 

It should be noted that one specimen per treatment method was analyzed by XPS 
in this study and further work with a larger sample size is recommended in future 
studies. Furthermore, the interaction between the silane and the ceramic is certainly 
governed by surface phenomena and, therefore, influenced by the composition and 
chemical environment of the ceramic surface. The extent to which the results from 
this study can be transferred to other leucite-reinforced feldspathic ceramics has 
already been discussed elsewhere [32], 

5. Conclusion 

Within the limitations of this study, XPS analysis indicated that the thickness of 
the silane film on a leucite-reinforced feldspathic ceramic surface is a function of 
the mode of application. From the results, there is strong indication that monolayer 
coverage of organosilane on the surface of a leucite-reinforced feldspathic cera mi c 
was obtained by the method of silane application consisting of brush application, 
followed by hot air drying and rinsing with hot water. 
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Abstract 

Bone-implant interaction of endosseus oral implants is investigated by means of numerical models to 
describe their mechanical behaviour. The constitutive models of bone tissue include the definition of 
anisotropy, visco-elasticity and plasticity and are implemented in a finite element code for the analysis 
of phenomena induced by a non-passive connection between oral implants and framework. This condition 
induces relevant stress/strain fields that also depend on bone-implant adhesion process, as term capable 
of affecting the osteo-integration and the consequent stability of the implant. In particular, a fixed pros¬ 
thesis placed in the premolar region of a mandible is modelled, made up of two implants connected by 
a framework. The mechanical state arising from the misfit is considered for its effects in dependence on 
the properties of peri-implant bone tissue and bone-implant interface configuration. Continuity or detach¬ 
ment with or without adhesion between implant and bone are considered and the consequent response of 
mandible-prosthesis system is evaluated. The investigation offers the possibility to evaluate the influence of 
interaction phenomena between implant and bone on the biomechanical behaviour of the prosthetic system 
in condition of misfit and for different bone-implant adhesion configurations. 

Keywords 

Oral implants, bone-implant interaction, constitutive models, inelastic behaviour, finite element analysis 


1. Introduction 

The use of endosseus implants [1,2] has become quite common in dentistry because 
it ensures the replacement of oral functionality in totally or partially edentulous pa¬ 
tients. The fixity of the prosthesis and its reliability over time depends on biological, 
bio-chemical and mechanical factors. The functional behaviour of the prosthesis 
from a biomechanical point of view is related to the way in which an implant is 
connected to adjacent bone. Bone-implant interaction phenomena and the quality 
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of bone tissue in the jaw region of implant placement are direct factors affecting 
the prosthesis fixity. It is important to underline that the conformation of the peri- 
implant bone tissue and its mechanical properties, such as anisotropy, stiffness and 
strength, undergo changes from the initial stage of implant insertion to the desired 
final stage of implant osseointegration [3,4], These changes are functions of differ¬ 
ent factors and are also influenced by the surgical technique adopted, for example 
the press fit induced by self-tapping implants in the peri-implant region. The change 
in structural conformation of bone tissue over time entails a variation of the stress 
paths in the peri-implant region. Also for this reason, the attempt to investigate 
the mechanics of bone-implant interaction by experimental techniques is usually 
very difficult. A growing interest has been shown for an analysis of these problems 
by means of numerical methods, which makes it possible to define sophisticated 
models of anatomical regions and prostheses and carry out several predictive inves¬ 
tigations of the mechanical response of such a system. The comparative analysis 
of the mechanical behaviour of a fixed prosthesis as a function of different factors, 
such as bone strength and stiffness, provides interesting data to evaluate the whole 
biological scenario that can be experienced. 

In particular, the aim of this work is to analyse by a numerical approach the ef¬ 
fects of a misfit [5-7] between implants and connecting framework for the typical 
configuration of a two-implant prosthesis placed in a premolar region. This con¬ 
dition is quite frequent because the accuracy of bar manufacturing process is not 
always adequate for determining a perfect passive coupling between framework 
and implants. The consequence for screw-retained restorations, which are the ob¬ 
jects of the investigation, is a co-action that must be investigated considering, in 
particular, the behaviour of peri-implant bone tissue at the bone-implant interface 
[8]. Attention is paid to define a suitable constitutive model [9] for the bone tis¬ 
sue, capable of describing inelastic effects caused by the misfit. The material model 
allows for anisotropy characterising bone tissue and the visco-elasto-plastic behav¬ 
iour [10-14] to be evaluated during the co-action induced. It must be pointed out 
that stress relaxation phenomena take place in the peri-implant region, contributing 
to the biomechanical compatibility of the implant [15]. The mechanical interaction 
between implants and bone is affected by the adhesion, especially in those regions 
of bone where tensile stresses arise because of the loading conditions applied. The 
contact condition at the bone-implant interface can be characterised by null strength 
for tensile normal stress or by the presence of cohesive forces between implant and 
bone, which ensure a strength of the bone-implant interface also in the case of in¬ 
terface stresses. In particular, the values of these cohesive forces are set on the basis 
of experimental data already present in the literature [16-21]. 

The mechanical effects of the interaction between bone and implant are con¬ 
sidered in terms of stress states, accounting, in particular, for the reduction of the 
level of stress due to relaxation phenomena, evaluated by performing a quasi-static 
analysis. 
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2. Materials and Methods 


The material behaviour of both cortical and trabecular bones is described by adopt¬ 
ing an orthotropic visco-elastic-plastic constitutive model. While the general formu¬ 
lation of the constitutive model is the same regardless of the tissue region, different 
sets of constitutive parameters are adopted. 

The elastic behaviour of bone is described by an orthotropic linear constitutive 
model, defining a set of nine basic parameters and providing a distribution of prop¬ 
erties that assures a very accurate and continuous representation. 

Time-dependent behaviour of bone tissue is described by using a visco-elastic 
constitutive model [22], based on the definition of specific viscous internal vari¬ 
ables, represented by the instantaneous and time-dependent terms: 


or(e,f) = o r0 (e)^q' («.*)■ 


( 1 ) 


The symbols or and e are the Cauchy stress tensor and the small strain tensor, re¬ 
spectively. The term a 0 represents the instantaneous stress, while the terms q ! are 
the viscous internal variables defining the so-called non-equilibrated stresses, re¬ 
ferred to each visco-elastic branch adopted to define the rheological model, which 
depend on time t. The evolution law of the viscous internal variables is given by 
equations of the type: 


q' + —rq 1 = 
r l 


( 2 ) 


being x l the relaxation times and y l the relative stiffness of the ith viscous branch. 
The relative stiffness parameters satisfy the condition: 


y oo + J2y i =\, 


( 3 ) 


where y°° is the relative stiffness modulus of the elastic branch. 

Inelastic phenomena induced in the bone tissue are described by including plastic 
behaviour. The constitutive model developed accounts for two important aspects 
shows by experimental data, i.e., yield stress in bone is affected by strain rate, while 
yield strain is not [23] and is independent of the loading direction [24-26]. 

The stress-strain law of the elasto-plastic behaviour is expressed by: 

or°[®(f)] = D e :[*(/)-*P(f)], (4) 


with D e the fourth-rank elasticity tensor and e p the permanent strain that evolves 
according to an associative strain-driven flow rule: 


.dtp 


( 5 ) 


The symbol X is the plastic flow and rp the yield potential [27], which is written as: 


(P[e(t),Ht)] = m-ey[k(t)]=0, 


(6) 
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where s is the equivalent Von Mises strain, while e y is the yield strain. It should 
be noted that e y depends on the plastic flow, therefore it accounts for the hardening 
behaviour shown by bone tissue over the elastic range. The hardening behaviour of 
bone is described as a linear relationship between yield strain and plastic field: 

e y {X) = E l y + p\, (7) 

where s l y is the initial yield strain and [3 the hardening parameter. 

The three-dimensional finite element model of the implanted portion of mandible 
is obtained by meshing (Patran, MSC.Software Corporation, Santa Ana, CA, USA) 
the geometrical model with the use of four-noded linear solid elements (Fig. 1(a)). 
The numerical model adopted is specifically developed for the present analysis, 
with attention to the number and the characteristics of the elements adopted, also 
aiming at limiting the computational effort. The relevance of this aspect is also due 



Figure 1. Finite element model of the portion of mandible and prosthetic system (a) with a detail of 
the misfit between bar and implant (b). 
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to the non-linear characteristics of the analysis, with regard to both the post-elastic 
and time-dependent behaviours of the bone tissue and the contact interaction at the 
bone-implant interface. Implants, connecting framework and portion of mandible 
consist of 1 014 158 elements and 188 635 nodes. The geometric model of the 
anatomical region is developed starting from Computerised Tomography (CT) sur¬ 
vey. Bitmapped images have been segmented to identify the boundary between the 
main regions of bone, namely cortical and alveolar bone. The segmentation pro¬ 
cedure is based on the use of spline curves, which are imported in a virtual solid 
modeller (UGS NX3, Siemens PLM Software, Munich, Germany) to create the 
solids. Geometric reconstruction of implants and other components is achieved in 
the solid modeller on the basis of a direct measurement of their dimensions. 

Misfit conditions are defined as relative displacements imposed between im¬ 
plants and framework [28], corresponding from a mechanical point of view to a 
non-passive coupling of the different components. A misfit of 0.1 mm is considered 
along the distal-mesial direction, as depicted in Fig. 1(b), showing the initial con¬ 
figuration before the coupling of framework and implants. The numerical analysis 
(ABAQUS 6.3, Dassault Systemes Simulia Corp., Providence, RI, USA) is quasi¬ 
static and mimics a surgical procedure. The non-passive coupling is applied in a 
time interval of 25 s and the effects on the system are analyzed for the following 
1000 min, from initial step that is conventionally considered as the time step of ap¬ 
plication of the total misfit. This time interval allows for a complete development 
of relaxation process. 

The elastic mechanical properties of the cortical region are specified for each fi¬ 
nite element allowing for a spatial distribution that is related to the mesh refinement 
adopted. The typical spatial distribution of the Young’s modulus in mesial-distal di¬ 
rection (£ 3 ) is depicted for a transversal section in Fig. 2(a), while Fig. 2(b) shows 
the variation along a longitudinal section of the mandible. Direction 2 is along the 
cortical thickness of the mandible, while direction 1 completes the local orthogo¬ 
nal system of coordinates. As a reference, the set of constants with the maximum 
value of the Young’s modulus is given by: £3 = 19 750 MPa, £2 = 12510 MPa, 
£1 = 10 630 MPa, G 32 = 5840 MPa, G 21 = 4850 MPa and G 13 - 3890 MPa. The 
independent Poisson ratios are: U 32 = 0.313, V 31 = 0.246, U 21 = 0.226. 

The values of the constitutive parameters related to viscosity are calculated on the 
basis of experimental data from creep tests performed according to different values 
of imposed uni-axial stress [11, 29]. The use of three viscous branches allows for a 
good fit between numerical results and experimental data, with viscous parameters 
set as follow: y 1 - 0.272, y 2 - 0.194, y 3 - 0.022, r 1 - 0.67 min, r 2 - 450 min 
and r 3 = 6400 min. 

From experimental tests of static loading on samples of cortical and trabecular 
tissue [23, 30, 31] the constitutive parameters defining the plastic behaviour are 
found to be e 3 = 0 . 8 % and j3 = 0.6 in accordance with the results obtained in 
previous investigations [32], Both viscous and plastic parameters are assumed to be 
constant within the cortical region. 
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The elastic properties of the trabecular region are assumed to be homogeneous 
with Young’s moduli £3 — 907 MPa, £2 = 575 MPa, £1 — 488 MPa, shear moduli 
G32 = 268 MPa, G21 = 223 MPa and G13 = 179 MPa and Poisson’s ratios V32 = 
0.226, V31 = 0.246, V21 = 0.222. The local coordinate system is defined as for the 
cortical region. Viscous and plastic parameters are also assumed to be constant in 
the trabecular region and set as y 1 = 0.091, y 2 — 0.220, y 3 — 0.435, r 1 = 44 min, 
t 2 = 175 min, r 3 = 680 min for the viscosity and e 3 = 0.8%, j3 — 0.6 for the 
plasticity. In the transition zone between trabecular and cortical regions the elastic 
properties vary with continuity, as shown in Fig. 2. 

The mechanical properties of each peri-implant region have been considered with 
orthotropic axes disposed according to a cylindrical coordinate system placed on the 



Figure 2. Spatial distribution of the Young’s modulus £3 
section of the mandible. 
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axis of the implant. The direction of maximum Young’s modulus is radial. Consid¬ 
ering the change in morphology of the bone immediately around the implant and its 
tendency to a corticalisation during the healing phase, the definition of the mechan¬ 
ical properties for this bone region makes the assumption that the conformation of 
the tissue already shows distinct orthotropic characteristics, while the values of the 
elastic moduli are assumed to be lower than the values that are typical of a complete 
corticalisation process. 

The contact configuration between the implant and bone is investigated by means 
of three different models of the cohesive forces. These forces are defined by the 
limi t values of the tensile and shear stresses. When the tensile or shear stress at the 
bone-implant interface are below these limits a continuity between bone and im¬ 
plant is assumed while, on the contrary, a detachment or a sliding between implant 
and bone occur. In the first model the values of ( Him = 4 MPa, T\{ m = 20 MPa have 
been adopted for tensile and shear strengths, respectively. This model of contact 
condition between implant and bone will be shortly indicated with the term ‘cohe¬ 
sive contact’. This model is compared with other two numerical models, one with 
sliding contact between implant and bone and the other with a full continuity be¬ 
tween implant and bone, i.e., with no detachment or sliding irrespective of whether 
tensile or shear stress are present at the bone-implant interface. These other two 
models of contact will be shortly indicated as ‘sliding contact’ and ‘full continuity’, 
respectively. 

3. Results 

The results presented refer to the time step of misfit application and the time step of 
1000 min after the coupling of framework and implants. The deformed configura¬ 
tion of the system as resulting from the non-passive coupling is depicted in Fig. 3, 
where the magnitude displacements (Fig. 3(a)) are reported by using a magnifi¬ 
cation factor to show the effective configuration of the system. The two implants 

Disp. 

(mm) 

0.029 
0.025 
0.020 
0.015 
0.010 
0.005 
0 

(a) (b) 

Figure 3. Magnitude displacement field (a) and maximum compressive stress field (b) on a longitudi¬ 
nal section of the mandible at the final time step of application of the misfit. 
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Figure 4. Upper view (a) and longitudinal section (b) of the maximum compressive stress on the 
mandible at the application of the misfit, for the case of cohesive contact. The values of the same 
variable for the physical path indicated in (a) are reported for the three cases analysed at the application 
of the misfit (c) and at the end of the relaxation process (d). 


are subjected to a combined translation-rotation, determining the maximum com¬ 
pression in the cortical region of the bone in between the implants. The maximum 
compressive stress is reported as a contour in the longitudinal section of Fig. 3(b), 
with a maximum value located in the coronal region. Both figures show the case of 
sliding contact between implants and bone. This condition causes a partial detach¬ 
ment of bone and implant, which is highlighted by the magnification used in the 
representation. 

Figure 4 represents the distribution of stress levels in the region between the two 
implants. Figure 4(a) and 4(c) represent the maximum compressive stress of the 
mandible at the time of application of the misfit for an upper view and a longitu¬ 
dinal section, respectively. The results refer to the case of cohesive contact. Figure 
4(c) and 4(d) shows the variation of the maximum compressive stress along the 
physical path shown in Fig. 4(a) for the time steps 0 and 1000 min, respectively. 
The charts report a comparison of the compressive stress in the case of sliding 
contact (upper curve), cohesive contact (intermediate curve) and full continuity be¬ 
tween implant surface and bone (lower curve), which are the three conditions for 
bone-implant interface properties analysed. 

The strain states are reported in Fig. 5 with the same way of representation as in 
Fig. 4. The distribution of maximum compressive strain in the upper surface of the 
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Figure 5. Upper view (a) and longitudinal section (b) of the maximum compressive strain on the 
mandible at the application of the misfit, for the case of cohesive contact. The values of the same 
variable for the physical path indicated in (a) are reported for the three cases analysed at the application 
of the misfit (c) and at the end of the relaxation process (d). 


mandible and for a longitudinal section is reported for the time step 0 (application 
of the misfit). Also in this case the Fig. 5(a) and 5(b) refers to the cohesive contact 
condition. The variation of the maximum compressive strain along the physical path 
of Fig. 5(a) is represented at the application of the misfit (Fig. 5(c)) and at the end 
of the relaxation process (Fig. 5(d)), for the three cases of bone-implant contact 
conditions considered: cohesive contact, sliding contact, and full continuity. 

Finally, Fig. 6 shows the distribution of the plastic flow in the same region of 
the mandible. The plastic flow makes it possible to evaluate the region in which the 
strain exceeds the elastic limit so that the tissue undergoes plastic strain. The plastic 
flow is represented as upper view (Fig. 6(a)) and as longitudinal section (Fig. 6(b)) 
at the time step 0. A comparison of the different values of plastic flow along the 
physical path represented in Fig. 6(a) is reported for the three cases considered at 
time 0 (Fig. 6(c)) and at the end of the relaxation process (Fig. 6(d)). 


4. Discussion 

The results reported allow for a definition of the characteristic behaviour of bone- 
implant interaction phenomena under misfit condition and are reported with specific 
attention to the adhesion level occurring between the implant and the trabecular and 
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Figure 6. Upper view (a) and longitudinal section (b) of the plastic flow on the mandible at the 
application of the misfit, for the case of cohesive contact. The values of the same variable for the 
physical path indicated in (a) are reported for the three cases analysed at the application of the misfit 
(c) and at the end of the relaxation process (d). 


cortical bone tissues at the interface. These aspects of the problem are evaluated 
considering the time dependent phenomena of stress relaxation and also considering 
the plastic behaviour of bone tissue caused by the effects induced by the misfit. The 
misfit causes a maximum strain in the upper region of the mandible and a yielding 
in the bone, even if only in limited regions around the implants. The level of initial 
stress is afterwards reduced because of the viscous phenomena. 

The adhesion problems appear to have a significant relevance as the magnitudes 
of stress and strain in the bone vary considerably, being higher in the case of sliding 
contact, as cohesive contact produces an additional force to withstand the misfit 
action and causes force transmission to the bone through a much larger region. 

The difficulty in the definition of real cohesive forces at bone-implant interface 
with regard to a direct correlation with osseointegration level still represents a rel¬ 
evant problem. The mechanical properties of the bone-implant interface depend 
on the level of osseointegration, being function of several factors such as time of 
healing after implantation, quality of bone, age and general conditions of the pa¬ 
tient, showing a large variability over time [4]. From a mechanical point of view, 
the behaviour of the bone-implant interaction has been modelled by using differ¬ 
ent contact strategies and considering shear strength and cohesive forces in traction. 
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The possibility of a detachment has been assumed in the case of tensile and/or shear 
forces being greater than the strength limits assumed. 

The ultimate shear strengths obtained by experimental tests show a large range 
[16, 17]. Also cohesive forces, which make it possible the existence of a tensile 
strength of the bone-implant interface, vary from very low values [19-21] to much 
larger values [18]. The present analysis proves to be capable of giving refined re¬ 
sults in the specific conditions considered, namely, sliding contact, specific cohesive 
forces, and full continuity between implant surface and bone. The comparison of 
these conditions amongst the possible configurations at the bone-implant interface 
makes it possible to identifies the worst operational condition for the prosthesis. 
Therefore, the problem of the variability in the mechanical properties of the peri- 
implant tissue is overcome. 

The level of stress/strain induced in the peri-implant bone tissue is related also 
to the stiffness of the framework connecting the system, in addition to the magni¬ 
tude and type of misfit. A lower stiffness of the framework favours the limiting of 
stress/strain in the bone, thus reducing the risk of plastic phenomena of the tissue 
adjacent to the implant. An extension of these preliminary analyses should include 
a parametric investigation of the geometric properties of the framework to evaluate 
the effects of the variation in its stiffness on the mechanical state of the bone. 

In the clinical practice, it is possible that the initial misfit between the implant 
and framework is not completely eliminated. In fact, the development of plastic 
phenomena in the coupling of different components (implant, abutment, etc.) could 
result in a partial elimination of the misfit. Since, these conditions cause lower 
strains on the peri-implant tissue, the total elimination of the initial misfit between 
implant and bone is analysed as the worst condition for the bone. 

The excess of the stress/strain in the peri-implant tissue can be correlated to 
possible bone loss phenomena that need to be clinically evaluated in the follow¬ 
up of the patients. These phenomena must be taken into account to evaluate the 
biomechanical reliability of the prosthesis over time, since its fixity is completely 
dependent on the way in which the bone represents an effective boundary for the 
implants. Since the experimental evaluation of the behaviour of a prosthesis fol¬ 
lowing a non-passive coupling through the framework is extremely difficult, the 
possibility of a preliminary investigation of the mechanical behaviour by means of 
numerical methods is important. In fact, by using this procedure it is possible to 
estimate the effective risk related to the certain defectiveness that may be present in 
the surgical practice, evaluated from the survey of the morphometric characteristics 
of the patient, through the manufacturing of the prosthetic components, to the actual 
placement of the prosthesis. 

The evaluation of the risk of failure due to the microstrain induced in the peri- 
implant bone entails the assumption of specific strength criteria that can change 
over time according to the morphological change of the peri-implant bone due to 
its biological adaptation capability. This important issue, which is not part of the 
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present work, requires extensive additional experimental data and a specific formu¬ 
lation of the biomechanical response of the bone tissue over time. 

5. Conclusions 

The numerical analysis of the misfit phenomena presented shows that this kind of 
approach is capable of giving interesting results concerning the biomechanical be¬ 
haviour of oral implants, including the post-elastic behaviour of bone and non-l in ear 
contact conditions between bone and implant. These results pertain, in particular, 
to the mechanical behaviour of the bone-implant interface and the correlation that 
exists between osteo-integration level, adhesion phenomena and stability of the im¬ 
plant over time. 

The development of reliable numerical models needs the acquisition of extended 
experimental data about the mechanical properties of bone tissue and bone-implant 
interface and, in particular, to obtain information about the change of these prop¬ 
erties over time. However, if well supported by experimental data, the numerical 
approach proves to be a useful tool in the design process of oral fixed prostheses, 
making it possible to thoroughly investigate important physical phenomena that are 
directly correlated to the clinical practice and the attempt to continuously improve 
clinical techniques and their success rate. 
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Abstract 

Though many advances have been made in the development of dental adhesives, the immediate, or short¬ 
term, disruption created by stress — due to polymerization of resin composite restorative materials within 
dental cavities — is still a challenge yet to be completely solved in restorative dentistry. Therefore, the 
aim of this paper is to present a general overview of the subject, concerning resin composite formulations, 
origins of stress, clinical consequences of stress development, in vitro methods used for its measurement 
and methods used to reduce stress magnitudes and rates of development. 

Keywords 

Dental materials, resin composite, resin monomer, polymerization shrinkage, stress, shrinkage measurement 


1. Introduction 

Dental resin composites were developed and became commercially available in the 
late 1950s [1, 2]. Besides their acceptable appearance, these materials can be di¬ 
rectly bonded to tooth structure without removing healthy tissues to promote macro¬ 
mechanical retention. This is possible due to advances in resin composite system 
adhesives. The sequence of events is that: (a) an acid treatment promotes dem¬ 
ineralization of inorganic components from the dental structures (Fig. 1); (b) the 
remaining structure is conditioned by a primer solution; (c) fluid resin monomers 
are applied to infiltrate the spaces created by demineralization; (d), the resin is pho- 
toactivated, creating an interlocking layer between the polymerized material and 
the remaining tooth structure (Fig. 2). Additionally, since the infiltrated material is 
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Figure 2. (a) Primer and adhesive combination applied over the conditioned structure, (b) Blue light 
application to activate initiators that start the polymerization process. 


based on dimethacrylates, the adhesion of further resinous materials, such as the 
resin composites, is possible. The use of resin bonding agents is a very complex 
subject and many investigations have been carried out to understand the mecha¬ 
nisms of adhesion, material improvements and long term stability. The literature is 
extensive [3]. 

Though many advances have been made in the development of dental adhesives, 
two major factors can still affect the stability of the bonding layer: 

(a) disruption created by the resin composite stress due to polymerization [4] 
and 

(b) biochemical deterioration over time (long-term process) [5]. The present 
review will be focused on the first problem, which mainly arises when resin com¬ 
posites are polymerized within some type of cavity, as is the usual clinical condition. 

Therefore, the objectives of this overview are to address the following questions: 

1. What are resin composite restoratives? 

2. How are they constructed in dental cavities? 
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3. How do interfacial stresses arise? 

4. What are the clinical consequences of stress? 

5. How do the stresses vary in magnitude with time and location? 

6 . How can such stresses be measured in vitro ? 

7. How can stresses be offset in clinical placement? 

8 . How can intrinsic stresses be reduced by re-design of materials? 

2. What Are Resin Composite Restoratives? 

The term “composite”, in materials science, is defined as a multiphase material that 
exhibits properties of the constituent materials so as to produce a material with bet¬ 
ter properties than could be achieved by each constituent material alone. For dental 
applications, resin composites are a combination of particles, coated by a coupling 
agent, dispersed in an organic resinous matrix. Figure 3 shows a schematic repre¬ 
sentation of a dental resin composite. There is a related class of fiber-reinforced 
composite materials, now also used in dentistry, but their consideration is beyond 
the scope of this review. 

Particulate inorganic fillers are used in dental resin composites to provide mater¬ 
ial strengthening and reinforcement [6]. Many types, shapes, sizes, volume fractions 
and distributions of filler particles have been used to provide a wide range of prod¬ 
ucts with respect to diverse clinical applications. For example, a material used 
for aesthetic restorations might exhibit higher polishability, whereas for posterior 
restorations it might possess high strength to resist the occlusal forces. Thus, the 
filler content plays an essential role in composite properties and many investiga¬ 
tions have established the relationship between the filler content and the resultant 
properties, such as: abrasion resistance and hardness [7, 8]; thermal stability [9, 
10 ]; radio-opacity [11]; gloss retention and roughness [12]; water sorption; material 
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Figure 3. Schematic representation of a dental resin composite. 
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shrinkage [13]; visco-elastic creep and recovery [14]; elastic moduli [15]; fracture 
toughness [16]; and fracture behaviour [17, 18]. 

Initially, ground quartz fillers, with a mean particle size of 10-20 pm, were in¬ 
corporated into the methacrylate-based restorative materials. Unfortunately, these 
materials were very difficult to polish and the end result was an unacceptable ap¬ 
pearance. Consequently, the filler phase was changed to extremely small particles 
of colloidal silica with a mean size of 0.02 pm. However, the large total surface area 
of all these small particles made their incorporation in the resinous matrix difficult. 
To provide a material with both acceptable aesthetics and strength, hybrid materials 
with a mean particle size of 1 pm were commercialized and variations have been 
used up to the present time [19]. Very recently, “nanofillers” have been applied in 
resin composite formulations and it has been claimed that these materials could 
provide strength and aesthetic properties that allow the clinicians to use them for 
both anterior and posterior restorations [20]. 

The resin matrix is formulated with organic monomers, in the fluid state, 
that are converted into rigid polymers through the radical addition polymeriza¬ 
tion process. 2,2 bis[4-2(2-hydroxy-3-methacryloyloxypropoxy)-phenyl] propane, 
know as Bis-GMA or Bowen’s resin, has been widely used since the introduc¬ 
tion of dental composites. This high-molecular-mass monomer is extremely vis¬ 
cous due to hydrogen bonding caused by the presence of hydroxyl groups. This 
hinders the addition of fillers. Consequently, diluent monomers, such as the tri¬ 
ethyleneglycol dimethacrylate (TEGDMA), have to be used to make the resin 
more fluid. Some other monomers can also be used as the resinous matrix, for 
example, urethane dimethacrylate (UDMA), 2,2 bis[4-(2 methacryloyloxyethoxy)- 
phenyl]propane (Bis-EMA), ethyleneglycol dimethacrylate (EGDMA) and others. 
Additionally, an initiator: co-initiator system that start the polymerization process, 
an inhibitor to allow long term storage, and pigments that provide a wide range of 
tooth-matching colour-shades [21] are required. 

A coupling agent is used to bond the inorganic phase (filler particles) with the 
organic phase (resinous matrix) [22]. The most common agent is y-methacryloxy- 
propyl-triethoxy silane (y-MPTS); and its use increases the mechanical properties 
of the material. The silane agent has the important function of enabling stress- 
transfer between the resin and the particulate phase, during loading applications, 
and reducing the possibility of crack initiation sites. Furthermore, this coupling 
agent reduces the water sorption/solubility phenomena and increases the material’s 
wear resistance [19]. 

Until recently, all dental resin composite matrices were polymerized by free- 
radical addition (FRA) polymerization mechanisms, activated by light irradiation 
or via chemical mixing. The general FRA polymerization mechanism for light- 
activated dental composites has discrete stages: activation/initiation, propagation 
and termination. Resin composites for direct restorative procedures typically em¬ 
ploy camphoroquinone (CQ) as the molecule responsible for the photo-initiation 
reaction [23-25]. Consequently, visible light centered in the blue region of the 
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Figure 4. Resin composite paste to be polymerized and schematic representation of the polymerization 
and crosslinking process. 

spectrum (400-550 nm), usually emitted from a quartz-tungsten-halogen bulb or 
hght-emitting diode (LED) sources, is required to activate this molecule and con¬ 
vert it to an excited triplet state. The excited CQ then reacts with a co-initiator to 
form free radicals, which are molecules with unpaired electrons, starting the poly¬ 
merization process (activation and initiation stages) [26] (Fig. 4). 

When a free radical reacts with a monomer molecule, an active centre is created. 
Thus, propagation involves growth of each polymer chain by rapid sequential addi¬ 
tion of monomer to the active centers via covalent bonds until the maximum degree 
of conversion (DC) of C=C double-bonds, to C-C bonds, is reached. Individual 
polymer chains, with free radical chain-ends, may become de-activated by several 
possible mechanisms so that they cannot grow anymore (termination). Moreover, 
active radical-ended chain units become trapped in the increasingly viscous matrix 
and thus are sterically and thermally hindered from further reaction at the ambient 
temperature, especially after the vitrification point (glassy condition) is reached. 

It is important to highlight that volumetric shrinkage occurs during the overall 
process of polymeric growth as a result of the fact that the distance between the two 
groups of atoms resulting from the van der Waals forces is reduced to establish the 
covalent bond. The magnitude of composite volumetric shrinkage is dictated by the 
filler volume fraction, monomer composition and the final degree of conversion of 
the resin matrix [27]. Resin composites applied in restorative dentistry exhibit volu¬ 
metric shrinkage values from less than 1% up to 6%, depending on the formulation 
and curing conditions [28, 29]. 

The rate of monomer disappearance (conversion into polymers) as a function 
of time is known as the rate of polymerization (7? p ) (Fig. 5). For dimethacrylates, 
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Time (s) 

Figure 5. Typical shape of kinetic curve of polymerization rate as a function of irradiation time for 
the polymerization of dimethacrylates. 

there is sharp increase in (R v ) (auto-acceleration) as the conversion of monomer 
increases. Thus, R p achieves a maximum value (R“ ax ) and then suddenly decreases 
(auto-deceleration). This happens because, as indicated above, while the polymer 
chains grow, the viscosity of the medium also increases, restricting the propagation 
and diffusion of the polymer chains. The reaction kinetics has been detailed by 
Andrzejewska [30] and Watts [31]. 

3. How Are Resin Composite Restorations Constructed in Dental Cavities? 

Resin composites can be used for a wide range of purposes such as: (i) for replace¬ 
ment of natural tissues injured or diseased by the caries process, (ii) for occlusion 
adjustments, and (iii) for reasons of appearance. The use of visible-light activation 
makes the clinical procedures easy and fast, since the clinician does not have to wait 
for a slow chemical reaction to occur, holding the material in the correct place until 
complete cure. After the aforementioned dental adhesive application, dentists can 
build up restorations by the application of resin composite layers followed by light 
irradiation, hardening the material almost immediately. 

4. How Do Interfacial Stresses Arise? 

Polymerization stress development is a complex phenomenon and will differ ac¬ 
cording to the composite formulation [32], Stresses can be developed within the 
resin composite mass per se and there are several causes. Firstly, the free-radical 
addition polymerization mechanism is an exothermic process and, since resin ma¬ 
trix and filler particles have different thermal expansion coefficients, stresses may 
develop at the resin-filler interfaces. Secondly, “hoop stresses” may arise since the 
resin matrix is bonded to fillers by the coupling agent, which restricts molecular 
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segmental motions during the molecular rearrangement and free shrinking of the 
material [33, 34], 

Since the use of resin composites is primarily for space-filling purposes, such as 
restorative or cementation procedures, the polymerization reaction normally hap¬ 
pens wi t hin constricted areas. As the resin composite is bonded to the cavity walls 
while shrinking and becoming stiffer, there is a very short-time period where the 
material can deform and flow to relax any developing stress. Consequently, the mag¬ 
nitude of stress within a cavity is much greater than in a situation where the material 
can freely shrink [35]. It is important to keep in mind that the tooth cavity config¬ 
uration varies according to the clinical conditions and the spatial stress-distribution 
varies according to the constriction situation [36]. 

In summary, polymerization stress arises from multiple factors. The polymer¬ 
ization reaction, the material’s formulation and the boundary conditions all play 
essential roles in stress development and/or transmission to tooth structures [31, 35, 
37-42]. 

5. What Are the Clinical Consequences of Stress? 

When a material is cured without bonding to cavity walls, the material is able to 
shri nk and to flow, developing very low values of stress. However, in common clin¬ 
ical situations the material has to be placed inside a cavity and should be bonded to 
the surrounding walls, i.e. material deformation is restricted — thereby developing 
stresses which are also transferred to the bonding region as tensile forces. Conse¬ 
quently, the rapid increase of stress can create two major undesired situations: 

(a) Disruption of the bonding area at localized points when the local contraction 
stress overcomes the adhesive layer bond strength. This situation creates spaces 
that might allow penetration of residual food and micro-organisms facilitating the 
occurrence of secondary caries [43, 44], and aesthetic problems due the marginal 
discoloration (Fig. 6). 

(b) Cusp displacement. This may result in patient hyper-sensitivity or fracture 
and crack formation at the surrounding walls (Fig. 7) [45-48], 

The typical time-scale of a failure event can be limited to the short term, after 
or during the polymerization reaction, or it can arise in the long term. In the latter 
case, the failure might be associated with fatigue-loading due to mechanical forces 
and also due to thermal expansion, since tooth, adhesive layer and the restorative 
composite have different thermal expansion coefficients. 


6. How Do the Stresses Vary in Magnitude with Time and Location? 

Many factors affect the magnitude of stress developed. They will be considered 
under the headings of clinical variables and material formulation and properties. 
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Figure 6. After the restoration procedure, the tooth was immersed in ‘caries reveal’ solution to mark 
possible marginal leakage. It is possible to see gap formed between the restoration and the tooth 
structure (arrows) almost all around restoration. 



Figure 7. Hypothetical cusp displacement (dotted lines) that may result in formation of enamel cracks 
and, as a worse case scenario, in cusp fracture. This kind of fracture is commonly observed at the base 
of the cusp (arrows). 

6.1. Clinical Factors Related to Stress Development 

6.1.1. C-factor 

As mentioned above, the restriction imposed by the surrounding walls affects the 
magnitude of stress development. However, the tooth cavity design varies since 
each clinical situation imposes very different design conditions. These include: the 
extent of caries removed, the amount of remaining healthy tissue, the tooth-region 
and the tooth location (anterior, posterior) and type (Fig. 8). 

The expected stress magnitude due to the restriction imposed by the cavity 
walls might be estimated through the “configuration factor” (abbreviated as the 
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(a) (b) 


Figure 8. The same tooth in different conditions due to different amounts of remaining tissues after 
preparation of different designs of cavity. The dotted lines are inserted to more easily identify the 
cavity walls. 

“C-factor”). This is the ratio of the bonded to the unbonded area [35]: 

C-factor = Bonded area/Unbonded area. 

Using a constriction measurement system, Feilzer et al. [35] observed that the 
higher this C-factor, the higher was the corresponding stress. These authors sug¬ 
gested that composite flow would occur at the unbonded surface areas of the restora¬ 
tion. Thus, a higher proportion of unbonded composite surface would result in less 
restriction to bulk shrinkage and consequently stress would be reduced. At that time, 
in 1987, many resin composites available were still chemically-cured, where setting 
processes were relatively slow. Figure 8 shows different situations that exemplify 
this rationale. To restore a tooth in case a, the composite must fill a cavity that has 
approximately 5 walls to be bonded whereas only one is non-bonded (occlusal). 
Thus, the C-factor would be approximately 5/1. On the other hand, in case b the 
C-factor would be lower than in a since the proportion of surrounding walls is re¬ 
duced, which also increases the possibility of tooth deformation by cusp bending 
due to the reduced mutual support of the surrounding walls. 

6.1.2. Mass or Volume of Material Undergoing Shrinkage 

It is evident that the cavity configuration plays an important role in stress devel¬ 
opment, other things being equal. However, it has been suggested recently that the 
C-factor approach in isolation may overestimate the effect of the degree of con¬ 
striction [38] since it underestimates or neglects the effect of the mass [49] or, 
equivalently, volume [50] of resin composite applied. For example, one study veri¬ 
fied that shrinkage stress and microleakage were higher in restorations with larger 
diameters and depths and the authors concluded that microleakage seemed to be 
related to a restoration’s volume, but not to its ‘C’ factor [50]. 

The intrinsic shrinkage strain — and thus stress — magnitudes arise directly 
from the mass of material undergoing polymerization. When narrower cavities are 
encountered, especially the thin gaps between inlays and tooth tissues, it is normally 
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the case that the mass of material required to fill the gap is greatly reduced. Hence 
the C-factor and the mass are opposing factors in such a case. 

6.2. Factors Involving the Material Formulation and Resultant Properties 

6.2.1. Resin Matrix/Filler Ratio 

According to Hooke’s law, as an approximate constitutive relationship for pure 
solids, stress is the product of elastic modulus and strain. Although polymerized 
resin composites cannot be considered pure solids, because they also present a vis¬ 
cous component, it is considered that the stress developed is the product of two main 
factors: the volumetric shrinkage strain and the elastic modulus, both of which are 
time dependent during the setting process. 

As mentioned before, resin composites are a combination of inorganic particles, 
coated by a coupling agent, dispersed in an organic polymer matrix. Since inor¬ 
ganic fillers are stiff, the higher the proportion of filler the greater is the composite 
elastic modulus [15] and the resultant or developed stress [51]. On the other hand, 
the polymer matrix has a lower elastic modulus than the inorganic phase but shrinks 
when polymerized. For example, Braga et al. [52] found similar stress values among 
materials with different viscosities, suggesting that shrinkage also plays an impor¬ 
tant role [52]. Therefore, the polymer matrix/filler ratio has a dominant effect upon 
strain and stress developed. High values of shrinkage, combined with an increasing 
elastic modulus, produce increased stress within the composite structure [53]. 

6.2.2. Resin Matrix Composition 

The resin matrix chemical composition is the primary determinant of both the mag¬ 
nitude and kinetics of shrinkage phenomenon and the elastic modulus development. 
The principal chemical structural factors are the monomer functionalities, molecu¬ 
lar architecture — including hydrogen-bonding groups — and molecular mass or 
size. These have major influences upon monomer viscosity, which also affects the 
maximum volume-fraction of filler that can be incorporated into the monomers. 
Hence, rheological parameters are valuable in assessment of candidate monomer 
mixtures [54, 55]. 

6.2.3. Photoinitiator System and Inhibitor of Polymerization 

In theory, more time would be available for viscous flow and chain relaxation to oc¬ 
cur in a polymer cured at slower rates [56]. Consequently, the concentration, ratio 
and type of photoinitiator system can affect the rate of polymerization and degree 
of conversion [57-59]. Since these two factors also affect the rate and final values 
of stress developed, thereby polymerization stress is also affected by the photoini¬ 
tiator system and the polymerization inhibitor used in the monomer mixture [58, 
60], Braga and Ferracane [58] examined experimental materials with different con¬ 
centrations of inhibitor (2,6-Di-tert-butyl-4-methyl-phenol = BHT), and showed 
that increased inhibitor concentration reduced the rate of polymerization and the 
shrinkage stress without significantly compromising the final degree of conversion 
of monomer to polymer. Furthermore, it was recently demonstrated that the use of 
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phenyl-propanedione, an alternative photoinitiator, combined with CQ may reduce 
the rate of stress development without decreasing the final material performance 
properties [59, 60]. 

6.2.4. Interrelationship of Properties 

Shrinkage stress is a complex phenomenon since the underlying properties are in¬ 
terrelated. The greater the C=C bond conversion of the monomers, the greater the 
number of units combining to form the polymeric matrix; consequently, s t iffness 
(elastic modulus) and volumetric shrinkage both increase [51, 61]. Thus, degree of 
C=C conversion and stress developed are directly related [42,58,62]. Furthermore, 
the polymerization rate dictates the shrinkage rate and the rate of increase of elastic 
modulus, which restricts the material’s ability to undergo relaxation. Consequently, 
the polymerization rate directly affects the stress development rate. 

It is hard to identify the weighted contribution of each individual factor (or deter¬ 
minant). But some very recent outcomes help to understand such contributions [63, 
64]. Gonsalves et al. [63] used model composites and verified by regression analy¬ 
ses the relationship between stress developed and degree-of-conversion, shrinkage, 
and elastic modulus and verified that the coefficient of determination between stress 
and conversion (r 2 — 0.905) was higher than those between stress and shrinkage 
(r 2 = 0.825) and stress and elastic modulus (r 2 = 0.623). The authors suggest that 
this behavior may follow from the combined dependence of shrinkage and mod¬ 
ulus upon conversion. Additionally, stress developed was more strongly related to 
shrinkage than to modulus, which is a different conclusion from the previous work 
of Kleverlaan and Feilzer [28]. Differences may relate to the different measurement 
geometries and other experimental conditions. 

7. How Can Such Stresses Be Measured In Vitro ? 

Since polymerization stress is considered one of the major drawbacks of resin 
composite applications, extensive efforts have been made to understand the phe¬ 
nomenon and to devise means for its reduction. Suitable measurement methods are 
essential to determine magnitudes and their changes with proposed minimization 
protocols (to be discussed in Sections 8 and 9). Five methods of varying complex¬ 
ity, cost and measurement principle can be identified: force transducers [4, 27, 35, 
39, 40, 49, 65-73], bonded strain-gauges [74], a ring slitting method [75, 76], pho¬ 
toelastic analysis [77-79] and finite element analysis [36, 39, 71, 80, 81]. 

Force transducers are the most widely used and versatile methods. By varia¬ 
tions in cylinder/disk size and aspect ratio, it is possible to analyze C-factor and 
mass dependence. This method is based on measurements of axial stress developed 
as a function of time within a composite sample. Although the basic principle is 
the same, different measurement approaches exist. The most significant variation 
concerns the inevitable instrument compliance — the deformation per unit stress 
of all measuring system (sample and instrument) parts. Ferracane [53] reviewed 
data obtained with different materials and a variety of measurement systems and 
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concluded that outcomes depend upon system compliance, which varies among 
different studies. However, unlike measurements of shrinkage strain, which is a ma¬ 
terial property, shrinkage stress is not a material property. Hence, there is no such 
thing as a ‘correct’ magnitude. What is required is one (or more) ‘level playing 
field(s)’ to compare different materials and treatments (such as cure temperature, 
photon dose) on the same basis. 

Universal testing machines with extensometers connected to a computer servo- 
control unit are considered the most rigid systems [4]. The extensometers can 
identify, with variable precision, movement of extension caused by the polymer¬ 
ization shrinkage and, as a feedback response, in theory the system compensates 
deformations to produce minimal compliance. Thus, these assemblies have very low 
compliance and, consequently, the registered values of stress tend to be higher than 
by more compliant methods [71]. Some variations may exist within this method, 
and a significant one is the kind of substrate to which the resin composite sam¬ 
ple is attached. Gongalves et al. [73] evaluated the effect of system compliance on 
polymerization stress for a wide range of resin composites when using poly(methyl 
methacrylate), or glass rods. As expected, the authors verified that stress determined 
with poly(methyl methacrylate) rods was lower (by 53-68%) than with glass rods 
so that composite ranking varied slightly due to differences in the substrate longi¬ 
tudinal and transverse deformations. 

Force transducers adapted to systems with unknown or calculated compliance 
have also been used [38, 40, 66, 70]. However, besides variations in the final 
stress magnitude (that can be 15 x lower in magnitude than when compared with 
a “highly-rigid methods”), the comparisons among different materials [53] and also 
the interpretation of some phenomena may also change. For example, while previ¬ 
ous outcomes with rigid systems have reported a direct relationship between max¬ 
imum stress developed and the stress development rate [58], Schneider et al. [60] 
and Pfeifer et al. [64] recently found an inverse correlation between final stress 
and maximum polymerization rate and maximum stress development rate. Thus, it 
is reasonable to state that care should be taken when analyzing data and that the 
compliance should be considered. To generate shrinkage stress data that might re¬ 
flect the clinical situations, instrument compliance should be similar to that of the 
prepared tooth, as Watts and Satterthwaite [49] and Lee et al. [82] note. 

As mentioned above, there are some other ways to determine polymerization 
stress. Strain-gauges are used to directly evaluate stress at specific locations [74] 
and can also be used to determine cuspal displacement [48, 83]. The use of the 
“ring-slitting method” is a simple and inexpensive way to evaluate residual stress 
in ring-shape resin composite specimens [75, 76]. Researchers have also employed 
photoelastic or finite element analyses (FEA) to better understand the spatial distri¬ 
bution of stress, since it is non-uniform within the restoration. Photoelastic analysis 
determines stress distribution through optical fringes [77-79], whereas FEA evalu¬ 
ates stress distributions by computer models (Fig. 9). This method requires not only 
an anatomically-accurate geometry but other input data, especially elastic moduli, 
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(b) 


Figure 9. 3D images, computed by finite element analysis, of a restored tooth with (a) conven¬ 
tional and (b) optimized cavity designs. The tooth, with its restoration removed for clarity, is split 
mesio-distally into two approximately equal halves to reveal stress distributions on the cavity surfaces 
at the tooth-composite interface. Very high tensile stresses exist in case (a) in the enamel region on 
the buccal and lingual surfaces of the cavity. Reproduced with permission [104]. 

Poisson’s ratios, shrinkage strain [36, 39, 71, 80, 81, 105] and, preferably, material 
‘solid viscosity’ [106]. 


8. How Can Stresses Be Offset in Clinical Placement? 

8.1. Restoration Placement Techniques 

Since difficulties imposed by the cavity configuration play an important role in 
stress development, the use of “incremental techniques” has been proposed to min¬ 
imize these clinical problems [84, 85]. Shrinkage may be less detrimental when 
there are fewer bonded cavity walls involved at each stage of the restoration proce¬ 
dures. 
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(a) Single increment 



Figure 10. A dental cavity is here represented by a highly idealized cubic geometry, with four walls, 
one ‘floor’ and one open surface. When filled by a single increment (a) of a resin composite material, 
this gives a ‘ratio of bonded to non-bonded surfaces’ (C-factor) of 5. Higher stress is expected to result 
in comparison with case b, where the cavity is restored with multiple increments of resin composite, 
allowing a larger surface area for stress relief between successive increments. 

Figure 10 shows a cavity with C-factor equal to five. Using a single incre¬ 
ment (A), the resin composite would polymerize within five bonding surfaces (one 
base and four surrounding walls) while free-shrinkage would only occur at the up¬ 
per surface, producing a very high level of stress between the bonded surfaces. 
However, using an incremental technique, the bonded/unbonded ratio would be 
reduced and, consequently, the stress level within the cavity might be lower, pre¬ 
serving the bonded area. 

8.2. Stress Absorbing Layers with Low Elastic Modulus Liners 

The use of (polymeric) materials with low elastic modulus has been suggested as 
a means of overcoming polymerization shrinkage stress [52, 86, 87]. An applied 
liner could create surrounding walls with increased compliance and thus stress 
development would be lower than in a very rigid cavity. However, actual implemen¬ 
tation of such a “stress absorbing” material is problematic. Restorative materials 
encompass a wide variety of shrinkage and elastic modulus values. Consequently, 
some combinations might give reduced performance compared with the common 
restorative material applied alone. 

8.3. Light Curing Procedures 

Diverse photoactivation protocols have been advocated to reduce the polymeriza¬ 
tion stress [61, 88-90]. More rapid polymerization might result in increased shrink¬ 
age stress, while reduced initial irradiance may result in a slower development of 
stiffness of resin composite and prolong the time-window for material flow and 
stress release [91, 92], 
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The most common irradiation techniques are: 

- Conventional: light irradiance is constant during the illumination period (20- 
40 s); 

- Soft-start: initial exposure with reduced light irradiance for 10 s, followed by full 
irradiance. 

- Pulse-delay: initial exposure with reduced light irradiance for 3 s, followed by 
a waiting period without irradiance (seconds or minutes); and full irradiance af¬ 
terwards. 

Figure 11 shows the stress increase with time when standard (40 s at 350 mW/ 
cm 2 ) and pulse-delay methods were applied (5 s at 350 mW/cm 2 + 1 m in without 
light exposure + 35 s at 450 mW/cm 2 ). 

Alternative light-curing protocols may not significantly affect final properties of 
the hardened material. However, the following considerations should be noted: 

(i) The flowability of a material, during an extended pre-set stage, may have min¬ 
imal consequences, because most shrinkage stress is developed during and after 
the vitrification stage. Therefore, opportunities for polymer relaxation would be re¬ 
stricted during the short period of light-activation [41]. (ii) Concurrent experiments 
on degree of C=C conversion (DC) and stress development show that soft-start irra¬ 
diation procedures give somewhat lower DC levels, associated with reduced stress, 
[93]. (iii) A reduced polymerization rate is associated with decreased cross-link 
density (CLD), manifest as greater solvent-softening [94] and/or lower final elastic 
modulus [95]. 

9. How Can Intrinsic Stresses Be Reduced by Re-design of Materials? 

Many monomer combinations and alterations of the resin composite formulation 
have been developed and evaluated with the goal of decreasing polymerization 
shrinkage stress. ‘Cyclic’ monomers, such as the vinylcyclopropanes and siloranes 
have provided particularly interesting and commercially-viable results [96-101], 
Such monomers ‘open’ their molecular structures with local volumetric expansion 
and this may partly or totally compensate for volumetric shrinkage from C=C or 
similar polymerization. 

As already detailed, changes in the photoinitiator systems and polymerization in¬ 
hibitors have also been evaluated. Braga and Ferracane [58] found that increase of 
inhibitor (BHT) concentration was associated with reductions in stress-rate and final 
stress. Schneider et al. [60] found that phenyl-propanedione, substituting for part of 
the camphorquinone content, reduced the stress development rate without compro¬ 
mising the final degree-of-conversion and degradation resistance of the composite. 

Besides change in the resin matrix composition, studies have demonstrated re¬ 
duced shrinkage stress through alterations in filler content. Condon and Ferracane 
[67] suggested that addition of non-bonded 40 nm colloidal silica might act as 
stress-relieving sites through plastic deformation. Condon and Ferracane [102] also 
verified that composites with nanofiller particles treated with a non-functional silane 
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Figure 11. (a) Stress development over 60 min using standard and pulse-delay methods, (b) Ex¬ 
panded view for 0-5 min. (c) Stress development rate. Data from a commercial resin composite, 
Filtek Supreme™. 

developed 50 percent less stress than composites fully treated with the functional 
coupling agent. Another possible approach is inclusion of a component readily 
allowing plastic deformation during stress development, such as UHMWPE (ultra- 
high molecular weight polyethylene) fibres [103]. 

10. Conclusions 

The functional performance of restoratives cannot be considered apart from their 
host environment. In addition to mechanical chewing stresses imposed during intra¬ 
oral function, there is the further challenge of additional stresses from bulk shrink¬ 
age of the resin composite during the polymerisation process in the tooth cavity 
environment. These stresses are distributed spatially and temporally. Methods of 
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Figure 11. (Continued.) 


characterising these stress distributions experimentally and by computational mod¬ 
elling are now becoming fruitful. These approaches are being applied to candidate 
formulations, sometimes involving novel chemistry, so that a definite amelioration 
of this problem is now feasible. These same physico-chemical and mechanical con¬ 
siderations may also apply to non-dental and non-biological contexts of adhesive 
bonding of materials in constrained cavity environments. Hence this subject is of 
wider interest to the adhesion science community. 
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Abstract 

Here the objective was to evaluate fatigue resistance of anterior teeth with flared root canal restored using 
resin-bonded individualized fiber-reinforced composite (FRC) posts, prefabricated FRC posts, or prefabri¬ 
cated stainless-steel posts. 

Twenty-four maxillary central incisors were endodontically treated and prepared as flared root canals. 
They were divided into three groups of 8 each. In Group 1, individual posts were made of FRC material. 
Prefabricated FRC posts were used for Group 2 and prefabricated stainless-steel posts used in Group 3. 
All posts were cemented with a self-adhesive resin into canals. The composite core and porcelain fused 
to metal crown were made for each. The specimens underwent thermocycling and dynamic mechanical 
loading and survived specimens were loaded to fracture. The data were statistically analyzed using ANOVA 
and independent sample t-test. 

In the fatigue test, Group 1 had no failure; all Group 2 specimens failed; and 7 specimens of Group 3 sur¬ 
vived. There were significant differences in numbers of cyclically mechanical loading times between Groups 
1 and 2, and Groups 2 and 3 (p < 0.01, p < 0.05). The average of residual load-bearing capacity was 317.5 
(±90.2) N for Group 1 and 403.8 (±138.2) N for Group 3 and there was no significant difference between 
these two groups. The fracture mode of specimens was cervical root fracture with or without vertical crack 
in both Groups 1 and 3. In Group 2 the debonding mostly occurred at the cement-post interface. 

This in vitro study indicates that the flared canal teeth restored with individually formed FRC posts and 
prefabricated serrated stainless-steel posts provide good resistance against cyclic loading. The teeth restored 
with conventional prefabricated FRC posts may not be strong enough to resist masticatory forces without a 
ferrule. 

Keywords 

Fatigue resistance, fiber reinforced composite, flared root canal, load-bearing capacity, post and core, resin 
bonded 
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1. Introduction 

The restoration of endodontically treated teeth still is an important topic in restora¬ 
tive dentistry. The teeth with extensive structural defects due to decay, trauma, and 
prior restoration often require post-core-crown restoration. Cast metal posts are 
traditionally used, but their rigid nature may pose a risk for root fracture [1, 2], 
Fiber-reinforced composite (FRC) root canal posts have been introduced as an al¬ 
ternative to support weak coronal dentine for crown restoration, since their elastic 
modulus is close to that of dentine [3]. Recently, various types of prefabricated FRC 
root canal posts have been used because of their certain advantages, such as ready 
to use, reduced risk of fracture, and esthetic quality. Clinical durability of teeth 
restored with a combination of fiber post and resin core has been reported [4, 5]. 

In clinical situation, root canal treatment may remove decayed dentine to great 
extent, resulting in thin wall and flared root canal. It is a challenging endeavor to 
restore such kind of teeth. Insertion of prefabricated FRC or metal root canal posts 
into flared root canals only fills the canal space partly and the rest space is fre¬ 
quently filled with a low fracture strength composite resin luting cement. On the 
other hand, the teeth with a thin dentine wall render preparation of ferrule difficult 
[6]. It is known that high stresses caused by biting force concentrate on the cervical 
part of the crown-restored teeth. Optimization of the strength and structural stiffness 
of the cervical part of the restored teeth is, therefore, needed. This can be reached 
by increasing the volume of the FRC material of the post in the flared root canal 
opening. This kind of FRC post is referred to individually formed FRC post. Be¬ 
sides commonly used glass fibers, polyethylene fibers as customized post and core 
systems have been fabricated and luted directly into the root canal [7, 8]. However, 
polyethylene fibers as reinforcing fibers for resins still suffer from poor adhesion, 
which hinders their long term clinical use [9]. Individually formed FRC posts with 
high volume of FRC material provide stiffness which supports the crown against 
marginal breakdown. In metal posts, the s ti ffness is obtained from the rigidity of 
the material itself rather than from design of the post construction. Compared with 
metal posts, the FRC posts caused more often repairable fractures to the roots [10]. 

Strengthening of restoration for an endodontically treated tooth depends on its 
load-bearing capacity and distribution of the bite force in the tooth. In order to 
obtain load transfer from crown to core and post, and finally to dentine, adhesive 
interfaces play an important role. In the case of FRC root canal posts which are 
made of reinforcing fibers and semi-IPN (semi-interpenetrating polymer network) 
polymer matrix, the adhesion of the composite resin luting cement is shown to 
be better than that in the fiber post containing cross-linked polymer matrix only, 
as in all currently available prefabricated FRC posts [11, 12], A few studies have 
been conducted in dynamic loading tests to examine whether there is any differ¬ 
ence between different post types [13]. Therefore, the hypothesis of this study is 
that individually formed FRC posts containing semi-IPN matrix have no different 
performance from other prefabricated posts in the fatigue test. 
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The purposes of this in vitro study were to evaluate fatigue resistance of resin- 
bonded post-core-crown treated anterior teeth with flared root canals, to compare 
performance of three kinds of posts — individually formed FRC post containing 
semi-IPN matrix, prefabricated FRC post, and prefabricated metal post — and to 
evaluate modes of failure. 

2. Materials and Methods 

2.1. Preparation of Teeth 

A total of 24 human maxillary central incisors with similar sizes were selected 
for this study. Teeth with root caries, restorations, and observable cracks were not 
included. The selected teeth were stored in 0.01% Chloramine T at 4°C and used 
within 6 months. 

All the teeth were horizontally cut 1-2 mm above the cementoenamel junc¬ 
tion and coronal portion was removed with thin tapered diamond burs (Mani Inc., 
Japan) using a high-speed handpiece under air-water spray, and then finely cut leav¬ 
ing 12 mm root portion. The root canals were prepared using K-files (Mani Inc., 
Tochigi-Ken, Japan) finished to No. 40 file, and the prepared canals were coated 
with zinc oxide-eugenol (Cortisomol; Pierre Rolland, Merignac Cedex, France) 
and filled with laterally condensed gutta-percha points (Gapadent JIAFA, Co. Ltd., 
Korea). After preparation, all teeth were restored in 0.09% NaCl at 4°C. 

One week after root canal treatment, the gutta-percha points of 9 mm were 
removed from all root canals with a Pesso Reamer (Mani Inc., Japan) using a slow- 
speed handpiece, leaving a 3 mm apical fill. The root canals were subsequently 
enlarged using round-end tapered diamond burs (Mani Inc., Japan) under air-water 
spray to simulate flared root canals. The root canal walls were measured at labial, 
mesial, lingual, and distal aspects from root canal opening using a digital caliper 
(Beijing Liangju Renju Chang, Beijing, China) and further prepared to thin walls 
of 1 mm. The labiolingual and mesiodistal d im ensions of each root were recorded at 
the level of canal opening and the length of the root was measured from apex to the 
transection. The prepared roots were assigned to three groups of 8 specimens each. 
There were no significant differences among groups in terms of length and labiolin¬ 
gual and mesiodistal dimensions (p > 0.05, ANOVA). All roots were reconstructed 
with one of three post systems: individually formed FRC post containing semi-IPN 
matrix (Group 1), prefabricated FRC post (Group 2), and prefabricated stainless- 
steel post (Group 3), as well as with porcelain fused to metal (PFM) crowns (Table 1 
and Fig. 1). 

2.2. Post and Core Fabrication 

In Group 1, individually formed FRC posts were handled according to the manu¬ 
facturer’s instructions and fabricated with semi-translucent flexible FRC material 
(experimental package, everStick, Stick Tech Ltd., Finland). The FRC material 
was made of continuous silanized glass fibers impregnated with resin consisting 
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Table 1. 

Description of experimental groups and materials used 


Group 

Post system 

Core material 

Luting agent 

Porcelain-fused-to- 

(» = 8) 




metal crown 

1 

Glass fiber-reinforced 

LuxaCore 

Rely X Unicem 

Ni-Cr alloy (metal 


composite material 

(DMG, 

(3M Espe, Seefeld, 

coping). 


(everStick, Stick Tech Ltd., 

Germany) 

Germany) 

Vita porcelain-fused- 


Finland) 

Lot 568579 

Lot 154417 

to-metal powder 


Experimental package 



(VMK95, VITA, 
Germany) 

2 

Prefabricated fiber posts 
(fibio, anthogyr, France) 

Lot 06012408 

Same as above 

Same as above 

Same as above 

3 (controls) 

Prefabricated stainless-steel 
posts (ParaPost, Coltene/ 
Whaledent Inc., Mahwah, 
NJ, USA) 

Lot MT-25775 

Same as above 

Same as above 

Same as above 



Group 1 


Group 2 Group 3 


Figure 1. Root canal posts and scheme of post-core-crown restored teeth of three groups, (a) FRC root 
canal post material (everStick, Stick Tech Ltd., Finland); (b) Prefabricated FRC post (fibio, anthogyr, 
France); (c) Prefabricated stainless-steel post (ParaPost, Coltene/Whaledent Inc., Mahwah, NJ, USA). 
Group 1: tooth restored with individually-formed FRC post and crown; Group 2: tooth restored with 
prefabricated FRC post and crown; Group 3: tooth restored with prefabricated stainless-steel post and 
crown. 


of bis-GMA and PMMA which during polymerization formed a semi-IPN matrix. 
A bundle of 15 mm long glass fiber-reinforced composite (GFRC) was first inserted 
into the canal and was compressed to the canal wall with a spreader and then one 
or two bundles of GFRC were filled in the rest space of the canal. The individually 
formed post was initially light cured for 10 s in the canal (Optilux 501; SDS Kerr, 
Danbury, CT, USA, 660 mW cm -2 ) and followed by light curing for 40 s after it 
was removed from the canal. In Group 2, prefabricated FRC posts of 1.5 mm diam- 
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eter (fibio, anthogyr, France) were used. In Group 3, as the control, prefabricated 
stainless-steel posts of 1.5 mm diameter (ParaPost, Whledent/Coltene, USA) were 
used. 

The flared canals were cleaned with a water spray and dried only with air 
blow for 3 s (not overdried). The prepared dual-cured self-adhesive resin (Rely X 
Unicem, 3M Espe, Seefeld, Germany) was first injected into the flared root canals, 
the surface of post was also coated with the self-adhesive resin, and then the post 
was inserted into the flared canal. All the posts were cemented using the same self- 
adhesive resin into canals under finger pressure for 5 min. After removal of excess 
cement, the resin cement was cured by irradiation for 40 s. The coronal core portion 
was made from light polymerized core build-up composite resin (LuxaCore®-Dual, 
DMG, Germany). First, the Contax primer and bond (DMG, Germany) were ap¬ 
plied in succession to the coronal portions of the posts and exposed luting cement 
around posts and then were light cured for 20 s. The cores were subsequently built 
up with core composite using clear plastic molds and light cured for 40 s in labial 
and lingual aspects. The clear plastic molds were used in this study to construct 
the same size cores for all specimens. A flat-end tapered diamond bur was used to 
achieve a uniform shoulder of 1 mm width and no ferrule was prepared. The shape 
and size of three groups of specimens are depicted in Fig. 1. 

2.3. Preparation of Porcelain-Fused to Metal (PFM) Crowns 

Impressions of prepared specimens were made with polyether impression mater¬ 
ial (Impregum™, 3M Espe, Grefeld, Germany) and were poured using a die stone. 
PFM crowns were fabricated using Ni-Cr alloy (Heraeus-Kulzer Corporation, Ger¬ 
many) and VITA VMK95 porcelain (VITA, Germany) by a skilled technician, who 
was uninformed of the group allocation. The form of the final PFM crown was mea¬ 
sured and corrected with a digital caliper for the same size for all. The crown was 
luted using a glass ionomer cement (Ketac™ Cem, 3M Espe, Seefeld, Germany), 
as in a clinical process. 

2.4. Fatigue Resistance and Residual Load-Bearing Capacity Tests 

To simulate the periodontal ligament, the roots of specimens were covered with 
three layers of Teflon tape (0.08 thick and 10 mm wide) (Shuanghuan, Ningbo, 
China) with a total thickness of approximately 0.24 mm. Finally, the specimens 
were vertically embedded in an acrylic resin (Shanghai Dental Material, Shanghai, 
China) at a depth of 2 mm below the margins of PFM crowns in metal tubes. 

Each specimen in the tube was positioned in a special mounting jig and was 
aligned at a 135 degree angle with respect to the long axis of the tooth. The spec¬ 
imens underwent thermocycling and dynamic mechanical loading (TCML) at the 
lingual fossa with a hemispherical head with a diameter of 6 mm for simulating 
5-year use (12000 x 5/55°C; 1.2 x 10 7 x 30 N, 1.7 Hz) [13, 14] in a TCML chew¬ 
ing simulator (Peking University, Medical Center, Beijing, China). The number of 
cyclically mechanical loading times was recorded. The survived specimens were 
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further loaded to fracture with a crosshead speed of 0.5 mm/min in a universal test¬ 
ing machine (DCS5000, Shimadzu, Japan). Failure threshold was defined as the 
point at which the loading force reached a maximum value by fracturing the root, 
bending the post, or debonding the post or cement [6]. The fracture loads were 
recorded and the mode of fracture was observed by visual inspection (using a mi¬ 
croscope at a magnification x20). Crack propagation and canal wall fracture were 
classified into three categories: root cervical fracture: crack only in cervical por¬ 
tion, or cervical fracture of root; root middle fracture: crack from cervical to middle 
portion, or cervical and middle fracture of root; root vertical fracture: crack from 
cervical to apical portion, or cervical, middle, and apical fracture of root. Two tested 
specimens from each group were processed and transections of roots and debonded 
post areas were examined by SEM (S-4800, HITACHI Japan). 

2.5. Statistical Analysis 

Statistical analyses of the results were performed using the SPSS 10.0 for Win¬ 
dows (SPSS Inc., Chicago, IL, USA). The numbers of cyclic loading times of all 
three groups were analyzed with ANOVA. Because none of specimens in Group 2 
survived in the fatigue test, comparison of fracture load values was made between 
Groups 1 and 3 with independent sample f-test. The statistical significance level 
was a — 0.05. 

3. Results 

3.1. Fatigue and Fracture Tests 

In simulating 5-year service, the specimens of Group 1 (individually formed FRC 
posts) sustained cyclic loads and no one failed; all the specimens of Group 2 (pre¬ 
fabricated FRC posts) failed with one post fractured and 7 posts dislocated in about 
3 year service; 7 specimens of Group 3 (prefabricated stainless-steel posts) sur¬ 
vived, only one post fractured (Table 2). There were significant differences in the 
numbers of cyclical loading times among the three groups. Groups 1 and 3 had 
greater numbers of cyclical loading times than Group 2 (p < 0.01, p < 0.05) and 
there was no significant difference between Groups 1 and 3. 

In the test for residual load-bearing capacity, the mean load value was 317.5 
(±90.2) N for Group 1 and 403.8 (±138.2) N for the 7 specimens of Group 3 
(Table 2). There was no significant difference between the two groups (p > 0.05). 

3.2. Microscopic Observation 

The fracture was observed at the root cervical portion in 5 out of 8 specimens of 
Group 1 and in 4 out of 7 specimens of Group 3 (Table 3). The vertical crack from 
the cervical to apical portion of the root was found in 3 specimens of Group 1. 
The vertical crack from the cervical to middle portion of the root occurred in 3 
specimens of Group 3 (Table 3). 
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Table 2. 

Fatigue resistance of Group 1 (individually formed FRC posts). Group 2 (prefabricated FRC posts), 
and Group 3 (prefabricated stainless-steel posts) in number of cyclically mechanical loading times (in 
10 thousands) and residual load-bearing capacity (in Newton) 


Specimen 

Cyclical loading 


Residual load-bearing capacity 

Group 1 

Group 2 

Group 3 

Group 1 

Group 3 

1 

120.0 

88.7 (PD) 

120.0 

382.20 

311.64 

2 

120.0 

93.1 (PD) 

120.0 

252.84 

516.46 

3 

120.0 

84.4 (PD) 

120.0 

375.34 

310.66 

4 

120.0 

78.9 (PF) 

120.0 

219.52 

502.74 

5 

120.0 

85.2 (PD) 

120.0 

490.00 

240.10 

6 

120.0 

86.5 (PD) 

120.0 

281.26 

613.48 

7 

120.0 

96.5 (PD) 

120.0 

272.44 

334.18 

8 

120.0 

75.9 (PD) 

30.9 (PF) 

266.56 

- 

Mean ± SD 

120.0 ± 0.0 

86.2 ± 6.8**# 

108.7 ±31.5 

317.52 ±90.16 

403.76 ± 138.18 


PD: post dislodgement; PF: post fracture. 

**: p < 0.01, compared between Groups 1 and 2, #: p < 0.05, compared between Groups 2 and 3 
with ANOVA and multiple comparisons. 


Table 3. 

Fracture modes of specimens of Group 1 and Group 3 
under maximum load 


Fracture mode 

Group 1 

Group 3 

Crown or post fracture 

0 

0 

Root cervical fracture 

5 (62.5%) 

4 (57.1%) 

Root middle fracture 

0 

3 (42.9%) 

Root vertical fracture 

3 (37.5%) 

0 


Root cervical fracture: crack only in cervical portion, 
or cervical fracture of root. 

Root middle fracture: crack from cervical to middle 
portion, or cervical and middle fracture of root. 

Root vertical fracture: crack from cervical to apical 
portion, or cervical, middle, and apical fracture of root. 

Exam in ation of the specimens in Group 2 showed that all dislocated prefab¬ 
ricated FRC posts exposed their smooth surfaces in apical and middle portions 
without resin cement remaining and only cervical portion was covered by resin 
cement. One individually formed FRC post of Group 1 completely dislocated from 
the canal under maximum loading and was mostly covered by resin cement. 

3.3. SEM Observation at Bonded Interfaces 

Two specimens from each group were observed with SEM. The specimens’ images 
of Group 1 were different from those of Group 2 and ‘debonding’ of posts mainly 
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(a) (b) 

Figure 2. SEM images of individually formed semi-IPN FRC post of Group 1 failure specimen. Resin 
cement covered partially apical third and middle third of the post (a). Some air bubbles can be observed 
in the post and a thin cement layer around the post (b). C: cement; P: post; D: dentine. 



(a) (b) 


Figure 3. SEM images of prefabricated FRC post of Group 2 failure specimen. The apical third of 
post splits and is not covered by cement (a), and in coronal third of the post, a thick cement resin layer 
can be observed around the post (h). C: cement; P: post. 

occurred at the dentine-cement interface. The middle and cervical portions of in¬ 
dividually formed GFRC posts were covered with a thin resin cement layer, except 
the part of apical portion without cement layer where debonding occurred at the 
cement-post interface (Fig. 2). Several small bubbles were observed in individually 
formed GFRC post. 

In Group 2 the debonding mostly occurred at the cement-post interface. There 
was no cement layer around the apical and middle portions of debonded prefab¬ 
ricated FRC post, but a thick layer of resin cement was observed around cervical 
portion of the post (Figs 3 and 4). Voids were observed in the prefabricated fiber 
post. 

In the failed specimens of Group 3, fracture occurred at the cement-post interface 
and within resin cement (Fig. 5). Fragments of resin cement were left in the notches 
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Figure 4. SEM images of the cross section of the prefabricated FRC post of Group 2 failure specimen, 
showing unimpregnated fibers. A thick cement resin layer can be observed around the post with some 
bubbles. C: cement; P: post. 



Figure 5. SEM image of prefabricated stainless-steel post of Group 3 failure specimen. Fragments of 
resin cement can be observed in notches and certain surface of the post. 


of serrated stainless-steel post. The mode of bond failure was a combination of 
interfacial and cohesive bond failures. 


4. Discussion 

The extracted central incisors were employed to simulate endodontically treated 
teeth in previous studies [15-17] and they were also used to make flared canal 
teeth for this study. Even though the anatomic size of the central incisors is not ex¬ 
actly same, the incisors were selected for similar size and assigned to three groups. 
No statistical difference was found in dimensions. Moreover, the specimens were 
prepared by measuring with a digital caliper to reduce the variation in specimen 
dimension. The necessity to simulate the periodontal ligament for examining me¬ 
chanical properties of the restorations was explained by Sirimai et al. [17]. It is 
complicated to coat root surface with a constant thin layer of poly(vinyl siloxane), 
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so a Teflon tape was therefore used in this study. This resilient tape was 0.08 mm 
thick and easy to wrap the root for simulating periodontal ligament. 

The uncured flexible, surface-sticky, and light polymerizable characteristics of 
the FRC post material (everStick) allowed to construct an individual FRC post con¬ 
forming to the shape of the flared root canal. This kind of individually formed FRC 
posts can be first light cured in the root canal and further polymerized by the chair 
side with a curing unit. This method ensures proper polymerization of the resin ma¬ 
trix of the FRC post and diminishes polymerization shrinkage of the resin in the 
root canal. Thus, the chair-side polymerization of the FRC post can be considered a 
better approach than in situ polymerization of the FRC post directly in contact with 
root canal dentine [6]. The individually cast metal posts and cores have the ability 
to carry a higher load and might perform better than those used in this study. How¬ 
ever, the cast metal posts and cores were not included, because they were reported 
to pose a risk and cause unfavorable root fracture [1,2]. 

The surface configurations of these three kinds of posts were not consistent, 
which might affect debonding force values at the post-cement interface. In Group 3, 
the prefabricated stainless-steel posts had mechanically interlocked serrated sur¬ 
face, which provided high pull-out force [11]. Regarding the FRC posts, it is known 
that smooth-surface semi-IPN posts adhere better to the resin composite luting 
cement than a serrated prefabricated FRC post [11]. In that study, conventional 
dimethacrylate monomer based dual-curing luting cement (Variolink II, Ivoclar 
Vivadent AG, Schann, Liechtenstein) was used. In the present study, the Rely X 
Unicem cement is a novel acidic monomer composite cement that has not pre¬ 
viously been tested in terms of adhesion to the semi-IPN FRC post. The SEM 
examination in the present study revealed that the adhesion of Rely X Unicem ce¬ 
ment to any of the studied posts, including se mi -IPN post, was not optimal. Despite 
this, the fatigue test on restored teeth with the individually formed semi-IPN posts 
in the present study showed good performance. 

Brandall et al. [18] indicated that when a post-restored tooth undergoes stress, 
the most rigid element of the tooth shifts the mechanical stress to the most flexible 
one. Based on this finding, restorative materials for teeth should have the elastic 
modulus same as or close to that of dentine for even distribution of force. The fiber 
posts having the elastic modulus closer to that of dentine are often used in a clinic 
for restoration of endodontically treated teeth. The presence of coronal dentine can 
not only increase the retention of the crown but also improve resistance to dynamic 
occlusal load with ferrule effect [15, 16, 19]. In the case of teeth with flared root 
canals, occlusal force must be resisted by posts due to absence of the ferrule. In 
Group 2, the prefabricated FRC posts with low volume of load-bearing FRC ma¬ 
terial and thus low design-based stiffness might have deformed the restored teeth 
under cyclically mechanical load, finally breaking the bond between the post and 
resin cement. The SEM showed that the most portions of the dislocated prefabri¬ 
cated fiber posts in the specimens of Group 2 were exposed without residual resin 
cement, indicating debonding at the interface between post and dentine. 
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Based on the results of this study, the specimens of Group 1, the individually 
formed semi-IPN FRC posts, provided good fatigue resistance since all of them 
sustained 5-year simulated service and none failed. The Group 3, prefabricated 
stainless-steel posts, sustained 5-year simulated service as well, but one specimen 
failed due to the post broken in the simulated service, which might be just a coinci¬ 
dence due to an inherent flaw. The values of residual load-bearing capacity of both 
Groups 1 and 3 were higher than the maximum bite force of the central incisor [20, 
21] which is not encountered in daily mastication, except for men with severe den¬ 
tal attrition [22] and accident. The results of this study might indicate that a more 
rigid post sustains more force without deforming and decreases the flexibility of 
the root dentine by stiffening it. By doing so, less shear stress is introduced at the 
dentine-adhesive-post interface, decreasing risks for bond failure and post dislodg¬ 
ing. When a rigid post becomes debonded, it acts as a lever arm, and it may cause 
root fracture. However, when a fiber post with low elastic modulus is dislodged it 
may not be as effective a lever arm as a more rigid post. Thus, it could decrease 
the risk for root fractures after post dislodgement. Further study is needed to test 
the microleakage at the crown margin after thermocycling and dynamic mechanical 
loading. 

5. Conclusions 

In this study, the anterior teeth with flared root canals restored using three kinds of 
root canal posts and PFM crowns were examined for fatigue resistance and residual 
load-bearing capacity. Within the limitation of this in vitro study, the teeth restored 
with individually formed semi-IPN FRC posts and serrated stainless-steel posts pro¬ 
vided good resistance against cyclic loading. The specimens of these two groups 
show high residual load-bearing capacity. The teeth restored with conventional pre¬ 
fabricated FRC posts may not be strong enough to resist masticatory forces during 
long-term use without existence of ferrule. 
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Abstract 

Various techniques have been introduced to create a durable resin composite bond to sintered zirconia 
(Y-TZP). Shear bond strength values achieved through tribochemical treatment have been investigated in 
numerous studies, but less is reported about long-term durability. 

The objective here was to evaluate the effects of thermocycling and silane on shear bond strength of a 
composite luting cement to silicatized Y-TZP. Two groups of Y-TZP (Procera Zirconia, Nobel Biocare), 
both consisting of 40 specimens were prepared. The specimen surfaces were air particle abraded with silica- 
coated aluminum trioxide particles (particle size 110 pm, duration 15 s, air pressure 300 kPa, nozzle distance 
10 mm). The silica-coated surfaces in group ZA were silanized with an acrylate-functional silane (Exper¬ 
imental laboratory-made acrylate silane, Toray Dow Coming Silicone) and in the other group ZM with 
a pre-activated methacrylate silane (ESPE Sil, 3M ESPE). The surfaces were coated with adhesive sys¬ 
tem (Scotchbond 1, 3M ESPE) and photo-polymerized for 10 s. Resin composite luting cement (RelyX 
ARC, 3M ESPE) stubs were bonded to substrates and photo-polymerized for 40 s. The test specimens were 
thermocycled for 0, 1000, 3000, 8000 or 15 000 times (temperature 5-55°C, exposure time 20 s). The shear 
bond strengths of luting cement to ceramics were measured with a crosshead speed of 1.0 mm/min. ANOVA 
was used for statistical analysis. ANOVA revealed that both silane and thermocycling affected significantly 
(p < 0.001) the shear bond strength. Short term hydrolytic stability of acrylate silane was superior. It was 
concluded that evaluation of bonding requires extended thermocycling. 

Keywords 

Zirconia, Y-TZP, silicatization, silane, resin composite, luting cement, shear bond strength 


1. Introduction 

Oxide ceramics, e.g. yttria stabilized zirconium dioxide (Y-TZP), have established 
their position as one possible substitute for metal alloys in restorative and prosthetic 
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dentistry. Their usability is mainly based on their superior aesthetic properties and 
a wide variety of clinical applications, such as root canal posts, crowns, veneers, 
fixed partial dentures, implants, and implant abutments [1], are possible. Their ex¬ 
cellent strength and lack of potentially allergenic and toxic metallic compounds [2] 
have been other arguments for their increasing use in prosthodontics as well. Resin 
composite luting cements are commonly used to attach these structures to enamel 
and dentin. 

In order to create a clinically stable resin composite bond to sintered, non- 
etchable ceramics, many bonding techniques have been studied, tested and intro¬ 
duced [3]. The shear bond strengths achieved by one of these, namely tribochemical 
treatment, have been investigated in numerous studies. The procedure requires 
initial conditioning by silicatization [4—6] followed by silanization with a silane 
coupling agent [7] in order to form a reactive surface for consequent bonding with 
adhesive resins. Tribochemistry in essence involves creating chemical bonds by ap¬ 
plying kinetic energy [8], e.g. in the form of airborne particle abrasion, without any 
application of additional heat or light. 

Triboche mi cal silica coating using CoJet™ system (3M ESPE, Seefeld, Ger¬ 
many) at the dentist’s office is a widely used method for the initial preparation of 
ceramic or metal alloy structure prior to reparation or cementing [9, 10]. The sys¬ 
tem is a so-called tribochemical silicatization method because the energy needed for 
silicatization is transferred to the substrate material in the form of kinetic energy, 
which generates frictional heat. However, silicatization takes place macroscopically 
without any change in temperature [4]. The CoJet™ system is based on airborne 
micro-blasting with silica-modified aluminum trioxide. The outcome is that the 
system provides the ceramics with a fresh reactive silica-rich outer surface prone 
to the silanization reactions. Silane monomers react spontaneously with silica and 
glass [11]. The system also provides the following resin composite adhesion for 
suitable luting cements. However, less attention has been paid to long term durabil¬ 
ity of tribochemically achieved shear bond strength values. 

There are also available several luting cements based on, e.g. modem organo- 
phosphate resin composites, that, unlike the products and methods dealt with in the 
present study, do not necessarily require silicatization nor silanization in order to be 
reactive and effective. Moreover, alternative conditioning methods for silicatization, 
such as selective infiltration of zirconia, have recently been introduced [12], Still, 
the present study focuses on the tribochemical bonding because of the bright future 
of this method and its variants. 

In numerous studies thermocycling and varying times of water storage have been 
used as an artificial ageing method [5, 12-16]. It is a well known fact that thermo¬ 
cycling is a controversial method and other methods have been suggested [17]. 
However, thermocycling is in accordance with the ISO 10477 standard concern¬ 
ing the ageing of a bond [18]. It is to be noted that there is no concrete evidence 
that failures in practice occur because of thermal stresses, notwithstanding the the¬ 
oretical expectation. However, the distinction must be made between the equivalent 
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static stress test and fatigue failure, where repeated loading to a stress below the 
static strength occurs. Also, it has never been determined whether it is the time at 
temperature, i.e. cumulative duration under stress, as opposed to true fatigue, that 
is relevant factor. In other words, whether failure occurs due to flow, i.e. deforma¬ 
tion, in one or other of the layers in the bonded structure, is unknown. This must be 
dependent on the glass transition temperatures (T g ) of these bonded components, 
which apparently have not been determined. Such flow would lead to collapse in a 
truly static test at a stress below the ordinary static strength. Cycling testing as such 
cannot discriminate these issues, and ignoring this might account, in part, for the 
inconsistency in test results so far reported. The test outcome depends on the stress 
generated and the failure mechanism [19]. 

The aim of the present study was to evaluate the effect of thermocycling on the 
shear bond strength and to compare the effect of using two chemically different 
types of silanes on the shear bond strength of resin composite luting cement to 
tribochemically conditioned and silanized Y-TZP. 

2. Materials and Methods 

All the materials used in the present study are presented in Table 1. Two groups 
of Y-TZP (Procera Zirconia, Nobel Biocare, Goteborg, Sweden), consisting of 40 
specimens each were prepared. Square shaped pieces (2 mm x 10 mm x 10 mm) 
of ceramic material were embedded into plastic cylinders (diameter 20 mm, height 
10 mm) and filled with aery he resin to form the specimen and bonding substrate for 
the resin composite stubs. The surfaces of the specimens were air particle abraded 
for 15 s with silica-coated aluminium trioxide particles (Rocatec™ Plus, 3M ESPE, 
Seefeld, Germany) 110 pm in diameter. Air pressure of 300 kPa was used to con¬ 
dition the surfaces. A distance of 10 mm between the tip of the blasting device and 
the substrate surface was maintained by securing the blasting device in a mounting 
jig above the substrate. 

A 95.0 vol.-% ethanol and 5.0 vol.-% de-ionized water (milli-Q water) mixture 
was prepared. Its pH was adjusted with 1 M acetic acid to 4.5 and then this solvent 
system was allowed to stabilize for 24 h at room temperature. 1.0 vol.-% solution of 
3-acryloxypropyltrimethoxysilane monomer was prepared in the acidified ethanol- 
water solution, in 50 ml polyethylene bottles. The silane was allowed to hydrolyze 
for 1 h at room temperature as described in literature [13, 14], A fresh ESPE Sil 
which contains pre-activated 3-methacryloxypropyltrimethoxysilane was used as a 
control. Next, the silica-coated surfaces of zirconia group ZA were silanized with 
the acrylate silane. The other group ZM was silanized with a methacrylate silane 
(ESPE Sil, 3M ESPE, Seefeld, Germany). One coat of silane was applied with a 
fine brush and a new brush tip was used each time. 

Next all surfaces were coated with an adhesive resin (Scotchbond 1, 3M ESPE, 
Seefeld, Germany) and photo-polymerized for 10 s (Optilux 501, Kerr, Orange, 
CA, USA). Resin composite luting cement (RelyX ARC, 3M ESPE, Seefeld, Ger- 
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Table 1. 

Materials used in this study 


Material Manufacturer Chemical composition Batch number 


Procera Zirconia Nobel Biocare, Goteborg, Yttria stabilized 

Sweden zirconium dioxide 

(Y-TZP) 

Rocatec™ Plus 3M ESPE, Seefeld, Germany Silica-coated aluminium 

trioxide, particle 0 110 
micrometer (pm) 

Experimental laboratory- Toray Dow Coming Silicone, 3-Acryloxypropyltri- 
made acrylate silane Tokyo, Japan methoxysilane, 1.0 vol.-% 

ESPE Sil 3M ESPE, Seefeld, Germany 3-Methacryloxypropyl- 

trimethoxysilane, 
ca. 1.0-2.0 vol.-% 


N/A 

305 

THJM010206 
142104 


Scotchbond 1 3M ESPE, Seefeld, Germany Water, ethanol, 3JK 

2-HEMA, W.S-GMA, 
dimethacrylates, 
methacrylate functional 
copolymer of polyacrylic 
and polyitaconic acids, 
photoinitiator 

RelyX ARC 3M ESPE, Seefeld, Germany Water, ethanol 20040130 

2-HEMA, ks-GMA, 

TEGDMA, 2-HEMA, TMDI, 
copolymer of acrylic & 
itaconic acids, DDMA, 
photoinitiator, amine, 
peroxide, silica, zirconia 


many) stubs (diameter 3.5 mm, height 5.0 mm) were formed by means of a plastic 
mold and a plunger inside the mold onto substrates and photo-polymerized for 40 s 
(Optilux 501, Kerr, Orange, CA, USA). The distance between the tip of the photo- 
polymerizer and the stub was controlled by pressing the tip on the plastic mold 
(height 10 mm). 

The specimens of both groups ZA and ZM were randomly divided into five sub¬ 
groups. The test specimens (n = 8/group) were thermocycled 0, 1000, 3000, 8000 
or 15 000 times between 55 ± 1°C and 5 ± 1°C (Thermocycling unit 81, custom- 
made, Biomechanical Testing Laboratory, University of Turku, Finland). Duration 
of exposure to both temperatures was 20 s at a time. 

The shear bond strengths of the luting cement to the ceramics were measured 
with a crosshead speed of 1.0 mm/ mi n using a universal materials testing device 
(Model LRX, Lloyd Instruments Ltd, Fareham, England) as shown in Fig. 1 and 
the data were recorded using a PC software (Nexygen 4.0, Lloyd Instruments Ltd, 
Fareham, England). The specimens were secured in a mounting jig (Bencor Multi-T 
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Figure 1. The shear bond strength test jig in the universal testing machine. 

shear assembly, Danville Engineering Inc., San Ramon, CA, USA) and the stress 
was applied to the stubs with a half circle shearing rod against and parallel to the 
resin composite and ceramic interface. The shear bond strength data were analysed 
with analysis of variance (two-way ANOVA) using silane and thermocycling as 
independent factors. Tukey’s post hoc test was carried out at a significance level 
(p < 0.05) with SPSS 10.0 (Statistical Package for Social Science, SPSS Inc., 
Chicago, IL, USA). 

3. Results 

Mean values of shear bond strengths are presented in Table 2. Additionally, the 
shear bond strength values have been presented as a function of thermocycling 
in Fig. 2. ANOYA revealed that both factors, silane and thermocycling, affected 
significantly the shear bond strength. 
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Table 2. 

Mean values of shear bond strengths with standard deviations as a function of thermal cycles 


Group 

Thermal cycles (+5 ± 1°C and +55 ± 1°C) 




0 

1000 

3000 

8000 

15 000 

ZA 

ZM 

p (within cycles) 

23.0 ± 6.7 a 
16.8 ± 4.2 a 
0.058 

20.8 ± 5.5 ab 
10.2 +5. l bc 
0.002 

13.5 ± 7.0 b 
6.9 ± 4.0 bc 
0.056 

4.7+ 1.4 C 
4.4 ± 1.8 C 
0.723 

4.7 ± 2.7 C 

2.7 ± 1.2 C 
0.105 


Same superscript letter within row indicates homogeneous subset (Tukey [p < 0.05]). 


I 

-a 
.n 
§ 

Thermocycles 

Figure 2. Mean values of shear bond strength as a function of thermocycling. 



There were considerable differences between bond strengths after extended ther¬ 
mal cycles between the two groups. The shear bond strength values in dry condition 
were considerably higher for both materials than after aging at 1000, 3000, 8000 or 
15 000 times between 55 ± 1°C and 5 ± 1°C in the thermocycler. Group ZA (acry¬ 
late silane) revealed superior results compared to group ZM (methacrylate silane) 
prior to 8000 cycles. However, after that the bond values for group ZA rapidly de¬ 
creased towards values for group ZM showing similar values after 8000 and 15 000 
cycles. Group ZM revealed statistically (p < 0.05) lower shear bond strength values 
prior to 8000 cycles compared to group ZA (p < 0.05) (Table 2). 


4. Discussion 

This study suggested that thermocycling considerably diminished the shear bond 
strength values measured between resin composite luting cement and trihochemi- 
cally conditioned Y-TZP. Post-curing due to increased temperature during thermo¬ 
cycling has been reported to have an influence on bond strength values, but this 
study did not demonstrate any enhanced bonding. Higher degree of conversion of 
resin composite also increases the glass transition of the polymer by restricting 
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molecular motions of the chains [16]. Thus, the thermoset-based composites used 
as luting cements are well cross-linked after light-curing and hence in practice are 
more insensitive to post-curing by heat. 

Furthermore, acrylate silane monomer (ZA) is more reactive, since it does not 
have the protecting methyl group, as methacrylate silane monomer (ZM) does. 
Acrylate silane was selected for this study, since it has been reported to produce 
higher shear bond strength values than methacrylate silane [13] and it was of great 
interest to evaluate long term stability of ZA in this test set-up. As silanes react, they 
form a branched, 3D polysiloxane film between ceramic surface and resin com¬ 
posite. The film consists of siloxane, Si-O-Si-, bonds and acrylate/methacrylate 
groups [11]. 

The experimental laboratory-made acrylate silane group ZA showed superior 
shear bond strength values in the initial condition compared with the methacrylate 
silane group ZM. After 1000 and 3000 rounds in thermocycler the same behav¬ 
iour was observed. However, after 8000 rounds both groups showed considerable 
decline in shear bond strength values, indicating that thermocycling strongly affects 
the bond between ceramic material and luting cement. Hence, the long-term dura¬ 
bility of bond achieved by tribochemical treatment is arguable and needs further 
investigation. 

Conventional shear bond test is a typical test for evaluation of adhesion, but it 
produces a non-uniform interfacial stress at cement-ceramic interface. The spe¬ 
cific fracture pattern may cause cohesive failure within the cement or the ceramic, 
which may lead to erroneous conclusions [3]. The difference in linear coefficient of 
thermal expansion (LCTE) of resin composite and ceramic may have an effect on 
the mechanism of failure at the ceramic-resin composite interface. LCTEs of resin 
composite luting cements are approximately 40-60 microstrain/ 0 C (p-strain/°C), 
whereas LCTEs of ceramic materials are typically less than 10 microstrain/ 0 C 
(p-strain/°C). This difference causes thermal stresses at the cement-ceramic inter¬ 
face, probably leading to unequal changes in dimensions, and eventually to failure 
of the bond. The difference between LCTEs is particularly high between ceramics 
and initially flowable luting cements, which have lower filler content than conven¬ 
tional restorative filling resin composites in order to improve the flow of the cement 
and to facilitate the fit of the prosthetic structure [20, 21], Moreover, hygroscopic 
expansion of luting cements presumably causes extra stresses at the interface of 
zirconia and cement as the water sorption of the resin composite increases [22], 

According to the present study the effect of different silanes should also be 
taken into consideration when studying variables of tribochemical treatment. It may 
be possible to find new chemical combinations more favourable for use as a 
durable substitute for methacrylate-functional silane as some recent reports sug¬ 
gest [14, 15]. It might also be useful to continue testing using longer water-storage 
periods to evaluate the stability of the bonding silane layer to hydrolytic effects. 
Silane bonds are known to rearrange and re-form. Water is always present at a 
molecular level in the siloxane film and there is not much published information on 
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the hydrolytic stability of the siloxane bonding between the materials used in the 
study [7, 11]. 

Kern and Wegner [23] used short term water storage and compared it to long time 
water storage combined with 37 500 thermocycles, which in case of certain mate¬ 
rials led to spontaneous dissolution of the bond even without shear bond strength 
testing. On the basis of their results the number of thermocycles seems to play 
an important role when considering the durability of the bond. Different materials 
seem to behave differently during cycling as well. Thus, wi t hin the li mi tations of 
this study, it seems important to emphasize that extended cycles, along with long¬ 
term water storage at 37°C, should be used when evaluating long term stability of 
the bond. 

As previously mentioned, thermocycling has been criticized as to what extent 
it mimics the clinical situation. ISO 10477 prescribes 6000 cycles, which may be 
insufficient for evaluating the long term stability. The temperatures and dwelling 
times used in the several studies have been questioned as well as the meaning of 
rest time and the frequency of cycling. While there is no concrete evidence that 
failures occur because of thermal stresses, every thermocycling test remains arbi¬ 
trary. Cycling tests cannot by themselves discriminate the type of the failure that 
causes the collapse of bond to ceramic. One possibility might be a less severe test 
which would improve discrimination of the failure point as long as the stresses 
remain below those causing immediate collapse. However, the mechanism of the 
failure caused by cycling testing needs further investigation [19]. 

5. Conclusions 

Within the limitations of this in vitro study, the following conclusions can be drawn: 

1. Short term hydrolytic stability of acrylate silane is superior to methacrylate 
silane. 

2. Extended aging by thermocycling and water storage is needed in order to eval¬ 
uate the true benefit of different silanes for enhancement of bonding capacity 
of resin composite luting cement. 
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Adhesion Strength Testing — Time to Fail or 
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Abstract 

The simplistic approach to mechanical testing routinely employed in dental research does not recognize the 
many factors that influence the outcome, not least the non-existence of strength as a true material property. 
The roles of test time-scale, environmental interaction, and internal changes need evaluation. However, 
service conditions also involve multiple loading cycles which interact with other processes, while ‘episodic’ 
challenges are altogether outside the normal frame of testing. The case is made for testing that allows for 
dynamic damage-accumulation through a survival-curve approach. 

Keywords 

Strength, toughness, test design, shear, bond strength, environmental variables, time-scale 


1. Introduction 

The strength of a material and the strength of the union of dissimilar materials 
are central to a great deal of work reported for dentistry. It seems to be self-evident 
what is meant, and likewise without doubt important, but equally it is not welcomed 
when that meaning is questioned and the importance challenged. However, many 
things need to be considered before embarking on a strength test of any kind, for 
any purpose. I should like here to discuss some of the issues. 

2. Broken Concepts 

First of all, there are only two real ‘strengths’: tensile and shear. These arise from 
pure loading modes, although shear can be in-plane (Mode II) or out-of-plane 
(Mode III) (Fig. 1), referring to the distortion with respect to the plane of the 
specimen. Tension is Mode I. All other test systems are combinations, as it were, 
in more or less complicated ways, of such stresses such that the mode of failure 
(as opposed to the mode of loading) needs careful consideration. For example, 
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Mode I Mode II Mode III 



Figure 1. The modes of failure. I — tensile (opening), II — in-plane shear (sliding) and in — 
out-of-plane shear (tearing). 

there is no such thing as ‘compressive strength’ [1], since failure in compression 
is physically not meaningful; whatever happens is ‘sideways’, not in the loading 
direction. 

The concept of strength is that a fundamental material property is to be deter¬ 
mined. The definition is easy enough: stress at failure. This implies that strength 
is scale-free, that correcting for the cross-sectional area is enough. This, in turn, is 
predicated on the proportionality of the failure stress to the number of molecular, 
intermolecular or interatomic bonds that need to be broken. However, the inabil¬ 
ity to approach theoretical strengths for materials, based on otherwise known bond 
strengths at the atomic and molecular level, led to the development of the under¬ 
standing of the role of flaws and the Griffith criterion [2], Effectively, flaws alter 
the local stress, and no material can be flaw-free. We must draw a very clear dis¬ 
tinction, therefore, between the material and the substance(s) from which it is built. 
A material has structure, and this includes the defects, of whatever kind. It then fol¬ 
lows that strength cannot be scale-free, an invariant material property, because the 
size of flaws that can exist in a specimen depends on the size of the specimen — 
a contradiction of the concept of a fundamental property. 

There is a further violation of this concept. Part of the Griffith formulation is 
the strain-energy density, the amount of energy stored elastically at a given stress. 
If this stored energy is equal to or greater than that required to create a fracture 
surface then that failure must occur. The system is unstable with respect to the 
overall lower energy state of the broken piece. But so far this failure has, implicitly, 
been in tension, and it has been assumed that there is no other energy-dissipation 
mechanism. However, shear must still be considered. Shear is the essence of flow, or 
plastic deformation. If the shear strength is exceeded, then this mode of deformation 
must follow. Thus it is a matter of considering which comes first: the critical stress 
for failure in tension or shear? Now, stored energy increases as the volume of the 
piece, stress as the cross-section. A small enough body simply cannot store enough 
energy elastically to pay the energy cost of the creation of the surface of a tensile 
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crack. Put simply, all materials are plastic on a small enough scale, and all materials 
are brittle on a large enough scale [3]. 

This second breaking of scale invariance means, for example, that alumina — 
classically brittle — is plastic on a micrometre scale. The problem is our perception 
and operational scale for the execution of a mechanical test. Generally, we can only 
work over a scale range of a tenth of millimeter or so up to some tens of centimetres. 
It follows that we normally fail to see these effects, yet both Griffith flaws and the 
plastic-brittle scale transition are defining aspects of what we test. 

We must never forget, therefore, that what we are testing are objects, not ab¬ 
stracted, idealized, disembodied materials. We are thus obliged to take a more 
pragmatic, operational definition of strength — in the context of the scale of ac¬ 
tual usage, and in the context of all of the conditions that pertain to it. There is then 
a further scale issue: time. 


3. Testing Time 

What is unstated when we discuss strength is that it is understood to be the stress 
that will just cause failure, collapse in some sense, when it is applied instanta¬ 
neously. That is to say, it is the ‘static’ strength which is of concern. Yet it is obvious 
that there is no such test. All testing, whether under displacement- or load-control, 
involves a steady increase in stress and thus a particular time to failure for each test. 
Remembering that if a pathway exists, it will be taken: any stress-relaxation process 
that is available will contribute to the outcome (the principle of least work). Again, 
this has to be viewed in the context of our usual operating range — a few tenths 
of a second to a few minutes — out of the possible range of (say) nanoseconds to 
megayears, which gives us a fairly narrow view without making a special effort. 

In the case of organic chain polymeric systems, strain-rate sensitivity is part and 
parcel of our understanding of properties through such behaviour as chain segment 
diffusion. But it must not be forgotten that active chemistry may be involved as 
well. Bond-exchange mechanisms provide a significant means of stress-relaxation 
in many systems, and these must also be subject to kinetic considerations and so 
be under diffusion control, as well as be dependent on the concentration of active 
and reactable species. All such diffusion-limited processes have an activation en¬ 
ergy and so are temperature-dependent, which is primarily manifest in this kind of 
material as the glass-transition temperature. Still, we must bear in mind that this 
arises from a second-order behaviour and thus has a spread, not a precise value. 
In consequence, it is hard to be categorical about test temperature in relation to 
it, and especially so when the system has more than one such temperature. Should 
phase-separation occur, or domains of differing composition be present (silane layer 
against the rest of the matrix?), each region will have its own characteristics. The 
strain-rate — temperature (near!) equivalence adds a further layer of complication 
for the design of a test and the interpretation of results. 
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Metals, too, are temperature and strain-rate dependent in their mechanical be¬ 
haviour, although this is not commonly seen because of our narrow operational 
perception window. Creep is at root a diffusion-based phenomenon, albeit stress- 
directed, and so has a temperature dependence. Failure through creep at loads 
appreciably below ‘static’ (sc. ‘short term’) test values is well known. Strength, 
however, is fundamentally a function of temperature because it is ultimately a mat¬ 
ter of (chemical) bond strength, and it falls to zero at the melting point and some 
other transitions. This is clearly seen in dental silver amalgam, where a peritectic 
melting occurs close enough to ‘normal’ temperatures that its influence is marked. 
The homologous temperature of a test is therefore important. Creep that occurs 
during the course of a test influences the outcome and cannot be separated from it. 
Consider this: strong specimens have been under load for longer than the weaker 
members of its group — is like being compared with like, geometrically, struc¬ 
turally? 

It is easy to draw idealized test designs, with force vectors and stress fields doing 
exactly what one would like. The physical realization is another matter. A sim¬ 
ple case: in an axial compressive test, the parallelism of the platens — and of the 
specimen ends — is critical for the uniformity of the cross-sectional stress. The 
stiffer the test material, the worse this sensitivity gets, and obviously (!) prema¬ 
ture failures predominate. The misguided ruse often employed is to insert padding, 
a thin layer of compliant material to accommodate the faults, ignoring the fact that 
the mechanical behaviour of this extra material now controls the failure. Parasitic 
stresses, arising from the interplay of friction and the deformation of the padding, 
can change the pattern of fracture substantially. This abuse has been taken to ex¬ 
tremes in the ‘diametral compression’ or so-called indirect tensile test, in which 
effectively any strength value one wishes can be obtained by suitable modification 
of the test arrangements [1]. Parasitic stresses from the non-alignment of grips for 
tensile tests, irregularities in the specimen, or the design tolerances in the geom¬ 
etry of the test machine itself can all influence the outcome. Indeed, deformation 
of platens and grips is normally ignored (and perhaps can be for low modulus of 
elasticity test materials), but it is there nonetheless. 

Whilst flaws in the Griffith sense are strength-limiting for brittle failures, it must 
be recognized that these include surface defects. A grain boundary or exposed pore 
may provide a sufficient crack-nucleation site, but more often than not it is the ex¬ 
trinsic topography that is crucial, but underappreciated. In other words, the texture 
from the mould wall or separating agent, or the machining marks (remembering 
that these can be below the limit for our best visual acuity of ~70 pm) may be the 
limiting factor. In this sense, ‘polishing’ with 600-grit abrasive paper (~15 pm par¬ 
ticles), as is commonly reported as a final step in specimen preparation, is seen to 
be an overstatement: invisibility is not the same as non-existence. Since hydrolytic 
corrosion of the surface of glass fibres dramatically reduces their strength, it is dif¬ 
ficult to see how deliberate damage on a larger scale can be accepted unblushingly. 
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The more brittle the behaviour, the less forgiving a system will be because flaw 
blunting through plastic deformation will not occur. 

4. Reaction Time 

In polymer systems, plastic deformation is markedly affected by plasticizers, sub¬ 
stances that facilitate chain segment diffusion. These are typically rather small 
molecules, the most common — indeed, unavoidable in the dental context — be¬ 
ing water. Thus, any polymer that goes into the mouth for any length of time is 
going to be exposed to a high water activity, and water must therefore dissolve 
in the polymer, changing its properties, most obviously the glass-transition tem¬ 
perature, but also stiffness, strength, work to failure and so on. Obviously, the 
time required for equilibration (diffusion is time- and temperature-, as well as non- 
Fickian concentration-dependent), in relation to the time of test, matters. However, 
it is little appreciated that, for example, filled restorative resin materials contain 
some water as supplied, because the factory preparation conditions were not anhy¬ 
drous, that they quickly absorb water from the air during handling and specimen 
preparation (especially if the user is breathing over them), and will equilibrate with 
whatever laboratory air they are left to stand in, even in an incubator at 37°C. Desic¬ 
cation is not relevant (the material is not then as-supplied), but temperature changes 
the equilibrium uptake as this affects polymer free volume, as does the water itself 
— swelling. 

Equilibration means identical water activity everywhere, but activity is depen¬ 
dent on solutes. Air saturated with water (100% RH) has the same activity as water 
at the same temperature — it does not require liquid to be present, but any solute 
decreases the activity. Thus, 100% RH has a greater water activity, and would lead 
to greater water uptake, than saliva. 

The water is important in many systems for another reason: hydrolysis. If a reac¬ 
tion is possible, it will occur, at a rate dependent on the availability of reactants and 
temperature (there is an inevitability to this because it is all thermodynamically- 
driven). Breakdowns occur at the filler-matrix interface, at hydrolysable bonds 
anywhere, in fact. Polymers and ceramics are vulnerable. Such chemistry is also 
pH-dependent, primarily in rate but some t imes in the nature of the bonds that 
can be attacked. But even in the absence of hydrolysis flaws can develop. The 
stress-relaxation that occurs in polymers on absorbing water may lead to a phase- 
separation such that distinct water-rich domains may form, if not actual ‘pools’. 
Such zero-strength structures are flaws in the Griffith sense. They may be deduced 
as occurring when the uptake curve does not flatten off, and commonly occur at 
weak, hydrolysable interfaces. Clearly, the time at which a test is conducted in the 
face of all of these changes is of some concern [4], 

Water has yet a further role to play. In the Griffith expression for critical failure 
stress is a term for the surface energy of the material. This arises because it is the en¬ 
ergy cost of the crack which forms that provides the criterion, i.e., the total surface 
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energy of the newly-formed interface between fractured material and environment. 
This surface energy is not a material property, but the result of the interaction of 
material and the substances in that environment. These interactions may be of var¬ 
ious kinds, but all must be accounted for. The complete composition of, say, saliva 
matters, including its pH and CC> 2 -content: all ions, all proteins, all polar species, 
all polarizable species. W hi lst it is undoubtedly true that some may have negligible 
effect (which remains a relative matter and subjective), whether through chemistry 
or concentration, in the absence of data it is very difficult to argue for neglect. 

Since a crack must grow through an object in the course of failure, all aspects 
of the structure and constitution of the object are relevant as the path that the crack 
takes is the one of least work at each successive step. Weak interfaces, flaw popula¬ 
tions, weak phases and so on are all relevant, as are all crack-blunting mechanisms 
such as flow and stress-induced phase changes. Because all of this depends on 
preparation details — such as mixing ratio, time of mixing, extent of reaction at the 
point of moulding, thermal history — as well as the development of stresses within 
the material due to polymerization shrinkage, molar volume changes, and temper¬ 
ature changes during setting or machining, the upshot is that everything must be 
finely controlled for a consistent outcome. In a nutshell, a change in any condition 
almost inevitably results in a change in the material. 

A common mistake is to think that a ‘set’ material is now chemically inert. Un¬ 
fortunately, there is hardly a material that is formed by reaction (as opposed to 
casting from the melt) that can be considered to have stopped changing in a time 
one might consider reasonable. Glass ionomer cement, filled resins, silver amal¬ 
gam, for just three examples, all have continuing reactions that change properties 
measurably over long periods of time. On top of this, stress-related processes also 
proceed. Cast materials of whatever kind have residual stresses, and these may relax 
with time at sufficiently high temperature (as well as modifying the stress at failure 
anyway as a pre-stress). Test results are time-dependent in many ways. 

5. The Road to Tolerance 

One curious aspect of the entire field, despite the well-promoted improvements that 
have occurred in nearly all materials used in dentistry, at least from the point of 
view of static strength, is that failure rates in practice have not changed very much, 
if at all. The clearest example of this is in the ceramics: a 200-fold improvement in 
strength has not led to an equivalent improvement in longevity, even allowing for a 
proportion of preparation faults. This has been attributed to what is called ‘episodic’ 
loading. In effect, most materials are perfectly adequate for function under ‘normal’ 
conditions — normal presumably in the sense of typical or averaged peak loads — 
and may well be good to the 99th percentile. But, we all may experience the one-in- 
a-thousand event of a piece of grit in our bread, a misjudged bite, or a jaw-numbing 
collision with some object that results in a rapidly-applied load several hundred 
t imes ‘normal’. In the face of this, nothing can survive if it is in the right place to 
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suffer the impact. One might ask whether designing for strength is relevant. After 
all, if all of the improvement is as demonstrated by laboratory tests, and this is not 
matched by service observations, it is a rather self-serving occupation. The circular 
argument does not touch the real world. 

The problem in testing may, however, be more subtle still. Loading in practice 
is always intermittent, typically of very short duration, but with very high num¬ 
bers of events: this is fatigue. Although a static test result is supposed to indicate 
a survivable load, even with the added sophistication of allowing a tolerance on an 
acceptable upper bound by reference to some arbitrary (and unjustifiable — there 
is no universal law) static failure load distribution, this is not to say that damage 
has not occurred during that event. Perhaps damage is too strong a term? Let us say 
‘change’ instead. We need only cite dislocation creep in metals, or chain segment 
stress relaxation in polymers, to realize that these changes are cumulative. Gener¬ 
ally, there is no microscopic reversibility, and the path is one-way: downhill. At 
some point we are obliged to recognize that the changes have in fact been detri¬ 
mental: cracks nucleate, and we have fatigue failure. Each chewing cycle offers 
such a loading; no matter that the loading mode, the direction, and the magnitude 
vary, each cycle is a step towards failure. How many steps are required can only be 
determined by a long, expensive trial that has to be accelerated artificially to obtain 
any results in a time shorter than normal service, which acceleration often has to 
be assumed to have no deleterious overtones of its own. Needless to say, there are 
few such dynamic fatigue tests in the relevant literature. But, given such cumula¬ 
tive damage, and the role of flaws in determining failure in static testing anyway, 
episodic failures do not seem so outlandish a proposition. All materials in service 
have been compromised by that service. Survival curves may be more relevant than 
we have hitherto been prepared to accept. 

This brings us to damage tolerance. Essentially, this means insensitivity to ac¬ 
cumulating defects acquired in service, because mechanisms such as crack tip 
blunting or path deviation prevent or at least delay catastrophic failure, like Oliver 
Wendell Holmes’ ‘One-Hoss Shay’. Here, then, we need to consider the work to 
failure, or more fundamentally (because it is linked to the structure of the Grif¬ 
fith criterion), fracture toughness. Brittle materials have no capacity for absorbing 
energy beyond that needed to create the ‘least work’ crack; tough materials have 
diversionary mechanisms. Indeed, there is a school of thought that says fracture 
toughness is the only thing that should be considered, that strength (as perhaps 
should be clear from the above) is less than fully in formative. Even so, fracture 
toughness testing (which is an order of magnitude more demanding than simple 
strength testing) remains ‘static’. It may involve controlled (stable) crack growth, 
as opposed to the uncontrolled, unstable cracking of typical strength tests, but it is 
only a one-shot event. There is no sense of dynamic testing, no sense of ascertain¬ 
ing the consequences of service-acquired damage. Nevertheless, it is much more 
informative about the process of cracking, and the process should guide materials 
design. 
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6. Adhesive Principles 

Overall, then, mechanical testing for the strength of a material is a substantially 
more complicated business than at first appears. However, our focus is adhesion — 
the strength of the union between two materials, where the differences in properties 
affect several key issues. But before going on it might be worth emphasizing that 
the term adhesion is presumptive in that for many it implies a chemical interac¬ 
tion beyond van der Waals forces. Thus, ‘bond’ means a specific chemistry rather 
than the more general concept of resistance to separation. This is not to say that 
covalent bonds may not be formed, but in practice mechanical interference, ‘key’, 
plays a larger role than is often recognized. As an extreme example, the solvent- 
based ‘gluing’ of polymers involves no chemical bonds except those of the original 
chains, which are now entangled. This is not adhesion, yet the word is implied by 
the third body, the adhesive. What then of infiltrated ‘hybrid layers’? Broadly, care 
has to be taken in using the words so as not to be prejudicial, biassing the think¬ 
ing and interpretation. Thus, a luting agent, with admittedly no specific chemical 
interaction with tooth or crown, still provides resistance to displacement. Is this or 
is this not functionally retentive? 

A principal difficulty with adhesion testing follows from the general test design 
problems mentioned above. Purity of stress field is very hard to attain because the 
geometrical requirements for the specimen and specimen grips or platens are more 
severe than is generally recognized, and the Saint-Venant principle [5] rarely capa¬ 
ble of being relied upon. Ensuring that the applied load remains perfectly aligned 
with respect to the test interface is hard when the specimen is non-uniform, harder 
when working on a semi-micro or micro scale because machining tolerances (grips, 
specimen, mould) become proportionately larger, and even harder when handling 
forces can approach or exceed those involved in the test itself. The number of 
specimens that do not make it to test is an important statistic, and very rarely re¬ 
ported. 

Adhesion testing is focussed on the interface, and often special tricks have to be 
employed to ensure that failure starts there. Logically, of course, there is no reason 
why it necessarily should in the face of Griffith theory: critical flaws can occur in 
substrate or adhesive as well as at the interface itself. The path the crack takes is 
then governed by the least-work principle and may wander back and forth across 
that boundary. There is much agonizing over the interpretation of such behaviour 
and the inability to assign a value to the interfacial strength when failure does not 
occur there. The systems approach, allowing for the existence of crack-controlling 
defects everywhere, seems to be overlooked. 

7. Shear Optimism 

Much of the above has been implicitly in terms of the tensile failure, for which it is 
fairly easy to set up tests. However, shear is a different story. The concept may be 
simple, but the embodiment is not. The literature is full of half-baked ideas for sup- 
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Figure 2. A typical ‘shear’ test as used in dentistry. Despite many variations and attempts at refine¬ 
ment, Mode II failure cannot be made to occur. 


posed shear tests that clearly are no such thing, as has been amply demonstrated (but 
almost completely ignored). Indeed, it is so obvious where the defects are: ‘stress 
concentration’ and ‘levering’ covers them all (Fig. 2). Inevitably, mi smatch of mod¬ 
ulus of elasticity across an interface means that a uniform stress cannot be obtained 
under simplistic designs — gradients nearly always exist. But such is the enthusi¬ 
asm for shear testing that naive wishful thinking overrides all other considerations. 
Many of the same considerations as apply to simpler mechanical tests (mentioned 
above) apply here, but with much greater import. Exact alignments are harder, and 
point contacts frequently unavoidable, as are fillets or notches in the adhesive layer. 
In fact, an ‘ideal’ right-angle adhesive-substrate (cylinder on plane) arrangement 
is a Griffith ‘flaw’ as it is itself a stress-concentrating design. The analysis of such 
systems is not difficult, but one needs to recognize that it needs to be done for it to 
be effective. 

It should now be clear that one cannot determine the strength of an object as 
a material property as such, and that of an interface is trickier still. But the ques¬ 
tion has to be: are we missing the point? After all, in practice, loading systems are 
never pure and the concept of service-condition mimicry may be more applicable 
than an idealized abstraction. This means that the test system should be set up to 
reproduce the actual failure pattern of the material in service. It is only recently 
that a start has been made on observing and analysing real failures, with fracture 
mechanics becoming more widely recognized as an essential discipline and foun¬ 
dation for materials design [6], but there are as yet very few useful data on modes 
and frequencies. 
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To take the specific example of an adhesive interface: it is extremely unlikely 
that one could fail in pure shear in a catastrophic ‘static’ manner, let alone in pure 
tension. Micro-tensile testing may be popular [7], but this popularity does not of 
itself validate the results as interpretable, relevant measures of the goodness of a 
union. Thus, one can envisage fatigue-driven, peeling-mode separation, affected by 
hydrolysis and stress-relaxing plastic deformation, progressively opening a crack in 
the fracture-toughness sense, as being a first approximation to an operational defin¬ 
ition of the test that is required. Here we have all of the issues of scale, temperature, 
environment, strain rate and intrinsic flaws playing their part in a dynamic context. 
In this approach we begin to recognize the damage-accumulation of actual service, 
the gradual rather than catastrophic failure of most such systems, and the inevitabil¬ 
ity of the survival-curve, probabilistic domain in which materials function. 

8. Coda 

This has been a personal overview of the context, one which has attempted to draw 
attention to many factors that are often unrecognized as being essential as control¬ 
ling test outcomes. It is not meant to be like a textbook on testing; much is simply 
nodded at in passing, much is omitted. However, I hope that it provides a (possibly 
provocative) stimulus for further study, some careful thinking, painstaking experi¬ 
mental design, and critical interpretation. One good experiment is worth a thousand 
potboilers. 
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Abstract 

Dentin bond strength testing remains a subject of high interest based on the prevalence of studies reported 
in the dental literature. But making general conclusions about materials or methods by comparing results 
from different studies can be a dubious proposition due to the many variables involved in testing. Though 
guidelines exist for bond testing, they unfortunately are not always followed by all researchers. This three- 
part manuscript was written to help navigate the prolific literature in this field of study. In the first part, 
the most popular testing modes are described by providing an analysis of their loading mechanics and 
stress distributions. In the second part, a review of the test variables that may influence outcomes of bond 
strength testing are presented for the different test methods, and the extent to which each affects the results 
is discussed. Data collected from thirty studies published within the past five years for one specific adhesive 
are used to emphasize the nature and extent of these effects. In the third part, studies that included specific 
brands of resin dentin bonding agents that represent the current most popular types are reviewed in an 
attempt to make general statements about how the brands compare to one another within the different test 
methods. While it is difficult at this time to provide a simple consensus opinion about how bond strength 
testing should be conducted, this paper attempts to clarify some of the important issues in this popular, but 
complex, field. 
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1. Introduction 

How popular is dentin bond strength testing? A quick search of the PubMed data¬ 
base using the following search string, ‘dentin adhesive bond strength’ returned 
nearly 1300 entries for the past 20 years. This represents a phenomenal effort by a 
truly staggering number of investigators. These articles represent studies of a mul¬ 
titude of variables associated with a clinically very important topic. However, the 
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frustrating aspect of reviewing this literature, aside from its sheer magnitude, is the 
variability in the results presented for the same materials from study to study. This 
variability often makes it impossible to draw useful conclusions, because results 
must always be qualified by a presentation of the many important factors that could 
affect them. Perhaps the variable with the most influence is the test method itself. 
Although there are many other variables associated with each test, the literature 
suggests that certain ones may affect outcomes significantly while the others may 
have minimal overall influence. In any case, it is still very important to be very clear 
in presenting the specifics of the testing situation in any article. However, as one ex¬ 
amines the literature, it is somewhat surprising how often critical information is not 
specified. 

This paper will not attempt a critical assessment of the vast body of literature in 
the area of bonding to dentin with resin-based adhesives. There are several articles 
that have presented reviews or summaries of much of this literature [1-4]. Rather, 
the goal is to present an overview of the field in three parts. The first part will include 
a review of the common bond strength test methods in terms of their mechanics 
and stress analysis. The second part will involve a review of the test variables that 
may affect outcomes of bond strength testing, highlighting specific issues pertaining 
to the different test methods when applicable, and identifying those variables that 
have been determined to have the most significant effect on bond strength results. 
Throughout this second part, data collected from 30 studies published within the 
past five years on one specific adhesive, Clearfil SE Bond (SEB) from Kuraray (see 
detailed explanation in Part 3) will be used to validate the conclusions. In the third 
part, studies that included several specific brands of resin dentin bonding agents are 
reviewed to make general statements about how the brands compare to one another 
and across the different test methods. 

2. Part 1: Review of Test Methods 

Numerous test methods exist for the determination of bond strength values in an at¬ 
tempt to characterize and quantify the potential for successful clinical performance 
of dentin bonding adhesives. To date no single in vitro test method has been vali¬ 
dated as the gold standard for clinical adhesive performance and clinical trials are 
still the only valid method for evaluating the performance and efficacy of dental ad¬ 
hesives. It is recommended that clinicians should critically assess the literature for 
specific trends that may indicate a durable adhesive [5], This is difficult, however, 
when laboratory results are so varied; somet im es even showing ranking inversions 
when comparing the same combinations of materials [6]. Most important, though, 
is communication of the specific test design parameters and material microstruc¬ 
ture that are critical to the interpretation of strength data [7]. There are, however, 
certain test procedures (tensile, shear, microtensile and microshear) based on com¬ 
mon mechanical principles that are frequently employed to measure bond strengths. 
This analysis will review the mechanics of these test methods, discuss the common 
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parameters and significant differences in these methods, and compare the stress 
distributions generated across the bonded adhesive interface. 

2.1. Shear and Tensile Test Methods 

Static dental adhesive bond strength tests typically involve the application of a load 
causing a distributed stress to develop at the bonded interface or within the substrate 
or tooth sections leading ultimately to fracture of the specimen. One of the simplest 
ways to accomplish this is through the use of the traditional planar shear bond 
strength test. Although multiple test designs are used to apply a shear load to the 
adhesive interface, the traditional method applies the load to a cylindrical resin com¬ 
posite material bonded to a tooth substrate. Load application is either concentrated 
at or some distance from the interface (through a blade contacting the bonded spec¬ 
imen and running in parallel with the bonded interface), distributed axially along 
the composite cylinder (sliding cylinder model), or cosine distributed along the in¬ 
terface (simulating a wire loop) (Fig. 1). The wire loop method is thought to reduce 
the stress concentration along the load application area, but underestimation of the 
shear bond strengths due to high local stress concentrations near the interface still 




(b) 


H Composite 
■ Adhesive 
I | Tooth 

; | Test jig/epoxy resin 



Figure 1 . Schematic diagrams of different shear bond strength test designs, (a) Point load application 
a near and b far from the adhesive interface, (b) Loading along the entire length of the composite, 
(c) End-on view showing uniformly distributed stress when a wire loop is in contact with the composite 
cylinder. 
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result [8]. Another significant concern related to the shear test is the development of 
a bending moment causing concentrated areas of tension and compression to occur 
along the interface. Failure at the interface occurs as a consequence of the tensile 
stresses induced by this bending moment [9]. The stress distribution along the in¬ 
terface is influenced by the geometric configuration of the test arrangement (load 
and specimen design) and the stiffness of the materials used [10]. As the loading 
point increases in distance from the bonded interface, bending moments are set up 
which create high tensile stresses at the interface on the side where the load is ap¬ 
plied, and compressive stresses on the underside of the loading cylinder. The higher 
the elastic modulus of the composite cylinder, the higher the interfacial stresses. 
Also, FEA analysis demonstrates a non-uniform stress distribution along the inter¬ 
face bringing into question the validity of nominal bond strength accuracy relative 
to the measurement of true maximum shear forces [8, 10, 11]. 

Tensile bond strength test applies a tensile load uniaxially along the specimen 
and, ideally, perpendicular to the adhesive interface. Alignment of specimens is dif¬ 
ficult to control and, due to combination of elastic and plastic deformations, asym¬ 
metric load application and stress concentration lead to variations in results [12-14]. 
Non-uniform stress distributions are also noted across the adhesive interface when 
assessed using FEA modeling and are influenced by the height of the composite 
cylinder and stiffness of the materials used [10]. Again, composites with higher 
elastic modulus lead to higher stresses at the bonded interface, predisposing failure 
to initiate here. Stresses also are concentrated at the interface when the composite 
cylinder is 3 mm or taller, but move away from the interface and at unpredictable 
locations when the cylinder height is less than 3 mm. Thus, loading should be ac¬ 
complished through composite cylinders at least 3 mm tall for tensile tests. 

2.2. Micro shear and Microtensile Test Methods 

The microshear (microbond) bond strength test uses cylindrical composite spec¬ 
imens with a cross-sectional area of approximately 1 mm 2 . This design allows 
multiple specimens to be bonded to the same substrate, requires no trimming of 
specimens, and provides the potential for regional mapping of bond strength across 
the substrate. Optimized load configurations make it possible to control the mode 
of failure by maximizing the shear stress at the interface relative to the tensile 
stresses and reducing the potential for cohesive failure noted frequently with shear 
testing [15-17], However, because the relative adhesive layer thickness remains 
constant in both shear and microshear tests, the potential for this lower modulus 
material to affect the overall stress distribution is thought to be greater in micros¬ 
hear due to locally induced stress concentration gradients at the interface. As the 
specimen size decreases and when the load application is directed very close to the 
interface in combination with low modulus resin composites, an area of relative 
stress intensification is created rendering true stress measurements difficult and less 
accurate [18]. 
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(a) (b) (c) 


Figure 2. Shapes used in microtensile bond strength testing: (a) stick, (b) dumbbell and (c) hourglass. 

The microtensile bond strength test seems to be the most popular bond test¬ 
ing method currently employed [19]. Tensile loads are applied to specimens with 
adhesive cross-sectional areas of approximately 1 mm 2 . Typically three specimen 
designs (stick, dumbbell and hourglass) fixed with a testing jig allow measurement 
of ultimate fracture strengths (Fig. 2). Stress distributions for the dumbbell and stick 
shapes are similar; however, the hourglass shape, due to increased bulk of mater¬ 
ial and the process of grinding or cutting to produce the narrow dimension of the 
dumbbell at the interface with a high speed rotary instrument, exhibits increased 
risk of failure. Factors affecting overall bond strength results include [20] adhesive 
thickness, evenness of the adhesive interface, misalignment of loading axis, pres¬ 
ence of flaws, selection of test fixture, and others discussed later in this paper. Of 
particular importance is the increased risk of flaw induction due to the mechanical 
shaping of the specimens. While the use of smaller adhesive surface areas should 
reduce the potential for critical size defects at and near the interface, this benefit 
may be negated by the creation of defects during cutting with the high speed bur. In 
any case, bond strength values from microtensile and microshear tests are typically 
higher than from their respective macro-scale counterparts [13, 21], 

Differences in variability among test methods continue to be a significant is¬ 
sue. Knowledge of stress distributions based on test design and specimen geometry, 
supported by experimental and FEA results, are key in critically interpreting bond 
strength values. It is recommended that researchers understand the limitations of 
the test methods employed, carefully and cautiously assess results wi t hin studies, 
and strive for standardization of test methodologies. 

3. Part 2: Review of Important Variables in Bond Strength Testing 

There are numerous factors that can affect the results obtained from bond strength 
testing to dentin. Among others, these include the species of the bonding substrate, 
the roughness of the prepared substrate, the moisture content of the substrate, the 
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storage conditions for the prepared specimen, the use of any preloading treatments 
(e.g., thermal cycling), the mode of load application, the area of the bonded surface, 
the geometry of the specimen, the method for fixing the specimen for testing, and 
the rate of load application. The importance of each of these factors, or lack thereof, 
will be briefly reviewed. 

3.1. Bonding Substrate 

Due to the large number of studies and the limited availability and access to human 
teeth, alternative substrates, such as bovine teeth, often have been used in bond 
strength tests [3]. It has been suggested that bovine teeth may provide an adequate 
substitute for human teeth in studies of caries lesions due to sufficient similari¬ 
ties in structure and composition [5]. More recent studies with current restorative 
systems have demonstrated no differences in shear bond strengths between human 
permanent dentin and bovine coronal dentin [22], Others have suggested that bovine 
dentin can be considered as a suitable alternative to human teeth in bond strength 
tests involving primary dentition [23]. The results from the nine shear bond strength 
studies involving SEB from Part 3 were equivalent for bovine (22.7 MPa; n — 2 
studies) and human dentin (24.0 MPa; n — 1 studies). However, previous reviews 
of the literature demonstrated that while typically there was no significant differ¬ 
ence between the bond strengths obtained with bovine dentin compared to human 
dentin, there were enough differences in the results between the two substrates that 
one might come to different conclusions concerning relative outcomes for different 
adhesives based on the choice of substrate [24, 25]. Therefore, because it is not 
clear that data from studies employing human and bovine dentin may be directly 
comparable, it is still important to state the nature of the substrate used in the test. 

3.2. Surface Roughness of Substrate 

As adhesion is a surface phenomenon, it seems intuitive that bonding to dentin 
would be affected by substrate surface properties, such as surface roughness. 
Preparing dentin with different procedures (SiC, diamond or carbide bur, air abra¬ 
sion, ultrasonically driven burs and lasers) creates quantitatively and qualitatively 
different smear layers, surface roughness, and surface topography, all of which have 
been shown to affect resin-dentin bond strength [26, 27]. This is likely to be due 
to differences in the density of the smear layer more than its thickness, as very 
dense smear layers have been shown to compromise bonding efficacy, especially 
for the self-etch systems, which typically contain mild acids [28, 29]. In one study, 
a coarse diamond bur operated at high speeds lowered the bond strength of two-step 
self-etching bonding systems due to inadequate infiltration of the acidic self-etching 
primers into dentin surfaces covered with a thick smear layer [30]. Therefore, se¬ 
lection of the type of bur used to prepare the substrate has the potential to enhance 
or reduce the bond strength, at least for certain self-etching adhesive systems [31]. 

The recent literature suggests that the most common surface preparation method 
for shear bond strength tests is treatment with 600-grit abrasive paper followed by 
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1000-grit paper. A 600-grit paper would be the equivalent of an abrasive with a 
particle size of approximately 15 pm, or an extra-fine grit diamond. A 1000-grit pa¬ 
per would have approximately 4-5 pm abrasive particles. For microtensile testing, 
600-grit paper is most often used, but rougher papers, such as 180-grit (approxi¬ 
mately 75 pm particles) and medium burs (up to 100 pm particles) are also popular. 
Results for SEB show no substantial difference in shear bond strengths when us¬ 
ing dentin surfaces prepared with 600-grit (23.1 MPa; n = 5 studies) vs. 1000-grit 
(27.0 MPa; n = 3 studies) abrasive papers, and slightly higher values in microten¬ 
sile tests when using 600-grit paper (53.9 MPa; n = 7 studies) vs. medium diamond 
burs (48.0 MPa; n = 4 studies) or 180-grit paper (42.8 MPa; n = 5 studies). Based 
on the potential to have a subtle influence on bond strength, the surface finish¬ 
ing method should always be specified in order to make meaningful comparisons 
among studies. 

3.3. Dentin Moisture Conditions 

Dentin bonding agents are known to be technique-sensitive, in part due to varia¬ 
tions in the moisture content on the dentin substrate. In recent years, self-etching 
adhesives have been promoted as a better alternative to etch-and-rinse systems in 
terms of reduced post-operative sensitivity. One of the reasons proposed for im¬ 
provement in this area was a better control of the dentin moisture. Eliminating the 
requirement for a rinsing step to be followed by some degree of drying minimizes 
the potential variability in the final moisture content on the surface prior to bonding. 
Studies to evaluate the bond strength of moist, dehydrated, and rehydrated dentin 
have shown that bond strength to dried dentin surfaces was reduced when using 
etch-and-rinse adhesives, but that the application of a re-wetting solution signifi¬ 
cantly increased mean shear bond strengths to pre-dried dentin [32, 33]. Thus, it is 
important to maintain the specimen in a hydrated state, and to explain how this was 
accomplished during the test. This may be especially important for etch-and-rinse 
adhesives, but due to the potential for dentin cracking and other drying effects, it is 
likely to be important for self-etch adhesives as well. 

3.4. Specimen Storage Conditions 

Adhesive systems are generally hydrophilic in nature, because water miscibility is 
desirable for bonding to moist substrates, such as dentin. However, subsequent wa¬ 
ter sorption within the bonded interface may contribute to degradation of the bond 
during storage [19]. The sorption and solubility behavior of the bonding materials 
is related to their hydrophilicity and have been suggested to influence the long¬ 
term performance of resin-based composite restorations [34], Water is typically 
the medium of choice for storing specimens prior to debonding, but disinfecting 
agents and artificial salivas also have been used. Several studies have showed that 
extended water-storage time decreased the bond strength for most dentin bonding 
agents [35-37]. Microtensile bond strength studies with SEB show similar results 
when the specimens are aged in water (44.6 MPa; n — 17 studies) vs. artificial 
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saliva or chloramine (46.3 MPa; n — 3 studies), and the same was true for shear 
bond tests (water — 20.4 MPa; n — 3 studies vs. chloramine — 22.1 MPa; n — 4 
studies). Therefore, there may be only little effect of storage conditions when aque¬ 
ous media are used, but the time of storage is likely to have an effect and should be 
reported in order to permit comparison of results between studies. 

The storage temperature in most bond strength tests is typically 37°C, though in 
some studies this is never mentioned. In any case, the effect of storage temperature 
on bond strength has not been delineated. 

3.5. Thermal Cycling 

There has been much discussion about the mismatch in thermal expansion coeffi¬ 
cient between the tooth structure and restorative materials, and the effect this may 
have on maintaining the integrity of the interface of the restoration. Similarly, me¬ 
chanical loading of the interface could also produce interfacial stresses that affect 
bond strength. Some authors have used different methods to apply stress to simulate 
the aging of a restoration. Frequently, thermal cycling is used in laboratory studies 
for this purpose. However, thermal cycling has not shown a significant difference 
in bond strength up to 100000 cycles compared with non-cycled controls [38—41]. 
Thus, it appears that thermal cycling does not have a definable effect on dentin bond 
strength and there seems to be little rationale for including it in dentin bonding stud¬ 
ies with resin adhesives. 

3.6. Test Method 

The numerous test methods used for measuring bond strength to dentin were re¬ 
viewed in the first part of this paper. There are arguments for each design, and no 
standardized method exists. What is clear is that data generated from the various 
test methods cannot be directly compared in absolute value terms, which is likely 
due to the differences in stress distribution and other experimental conditions [42], 
In general, as will be shown in the next part, it is generally true that dentin bond 
strengths obtained in microtensile mode are greater than those obtained in shear 
mode. One may conclude that this is simply a function of specimen size, but the 
results from microshear tests do not seem to differ greatly from those obtained in 
conventional shear bond tests [43,44]. Further complicating factors include the type 
of jig used to support the specimen, the method for applying the load, and other fac¬ 
tors reviewed below. For the studies on SEB tested in the microtensile manner, at 
least six different devices were identified in the literature for supporting the speci¬ 
men during the test, and there are not enough data available to discriminate between 
them. For shear tests, many studies did not even describe the method for applying 
the load. However, the results from studies in which the load application mode was 
not reported for SEB (22.7 MPa; n = 5 studies) did not differ from those of studies 
that used a knife edge or blade (25.0 MPa; n = 4 studies). Thus, the importance of 
the test fixture method for load application does not seem to be as critical as the 
test method itself (i.e., shear vs. microtensile). Regardless of the test method, the 
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variation (scatter) in the data obtained from shear and microtensile test methods is 
typically in the same range, and this is typically between 20 and 25%. 

3. 7. Area of Bonded Interface 

The discussion in Part 1 about the stress distributions in the various bond strength 
tests suggests that bonding area may significantly influence test results. The mi¬ 
crotensile bond strength has been shown to be inversely related to the bonded 
surface area [13]. Typically, the cross-sectional area adopted is 0.8-1.2 mm 2 at the 
bonded interface [45, 46]. Trimming is often accomplished to produce the defined 
bonding area, but this may induce additional stresses at the interface and produce 
flaws, which may result ultimately in weaker bonds and a higher proportion of pre¬ 
test failures [47]. Because of this, others recommend specimens with larger bonding 
areas, such as 1.5 mm 2 with a cylindrical design, which are easier to produce and 
test [48]. Results from microtensile bond tests on SEB did not show a consider¬ 
able difference in value for cross-sectional areas of 0.5 mm 2 (45.5 MPa; n — 2), 
0.7-0.9 mm 2 (50.1 MPa; n — 6), or 1.0 mm 2 (47.0 MPa), but did show a reduced 
bond strength in one study when tested at 1.4 mm 2 (20.4 MPa). 

Based on the results from microtensile testing, the bonding area also can be pre¬ 
dicted to affect the bond strength in shear bond tests, with greater values being 
expected with smaller surface areas. However, with limited data for SEB, this differ¬ 
ence was not apparent. Bond strengths were actually somewhat lower for bonding 
diameters of approximately 2 mm (20.9 MPa; n — 3 studies) vs. 3 mm (27.7 MPa; 
n — 2 studies) or 3.6 mm (26.8 MPa; n = 2 studies). In a recent evaluation in our 
laboratory, the bond strength of SEB in shear mode at 3 mm diameter (33.0 MPa) 
was larger than at 5 mm diameter (17.0 MPa). Therefore, it may not be possible to 
directly compare results from studies when there are large differences in bonding 
areas. 

3.8. Specimen Geometry 

When conducting shear tests, it is common and desirable to use cylindrically-shaped 
specimens and the literature does not show alternative geometries. However, several 
options have been reported for the microtensile test method, including sticks, dumb¬ 
bells and hourglass shapes. The stick configuration was the first shape designed for 
the microtensile test described by Sano et al. [13], The bond strengths obtained 
from sticks have been shown to be higher than those obtained with the hourglass or 
dumbbell design [20, 47]. However, others have reported that the specimen geom¬ 
etry did not influence the results of the microtensile bond test [48, 49]. In recent 
microtensile studies involving SEB, no difference has been shown between dumb¬ 
bell (43.4 MPa; n — 1 study), hourglass (45.5 MPa; n — 6 studies) and stick designs 
(47.1 MPa; n — 13 studies). In any case, the stick seems to be the preferred design 
by many researchers because it is easy to prepare and produces values that are at 
least as high as the dumbbell and hourglass designs. 


254 


J. L. Ferracane et al. 


3.9. Specimen Fixation Method 

Finite element studies suggest that the fixation method can significantly influence 
the microtensile bond strength test results [42], The specimen can either be glued 
to the jig, or gripped in some manner. Gripping is most common for dumbbell and 
hourglass-shaped specimens. Gluing is by far the most common technique reported 
in the literature. Of the studies on testing SEB, all but one study fixed the specimens 
without glue, and this was because dumbbell-shaped specimens were being tested 
and they could be held in place with grips. 

The stress distributions in each technique vary and are likely to influence the 
results obtained. The most common method with stick specimens is gluing to a 
flat faced jig. An alternative approach is to use a flat jig with a narrow channel 
within which the specimen can be positioned. The narrow channel enables the 
specimen to be more easily and accurately aligned perpendicular to the interface, 
thereby better concentrating the tensile stress at the actual interface [42], Results 
with this design were favorable, showing failure more often occurring closer to the 
dentin-composite interface and with a lower coefficient of variation for the strength 
values [2, 47]. To emphasize the importance of the alignment, Silva et al. [50] 
showed that applying loads to the adhesive junctions oriented at 10, 20 and 30° 
to the usual perpendicular interface produced reduced bond strengths as the angle 
increased for at least some of the adhesives tested. Another study showed that the 
method of applying the cyanoacrylate glue did not significantly affect the results, 
but suggested that a precise and uniform technique should be followed [47]. Thus, it 
would seem that the most critical aspect to specimen fixation for microtensile test¬ 
ing is ensuring that the specimen is perpendicular to the test interface for uniaxial 
loading. 

3.10. Loading Rate 

The loading rate, or crosshead speed, may also affect the results of the test since 
the materials being examined are somewhat viscoelastic in nature. This would sug¬ 
gest that faster test rates may produce higher bond strengths. According to Oshida 
and Miyazaki [51], crosshead speed has varied widely between investigators from 
0.1 to 10 mm/min, although 0.5, 1.0, 2.0 and 5.0 mm/min were most commonly 
employed in dentin bond strength testing for both tensile and shear modes. While 
many loading rates have been used, it is noteworthy that few, if any, of the re¬ 
ports provide a rationale for selecting these crosshead speeds. In their study, Oshida 
and Miyazaki reported that speed did not affect outcomes as long as it was be¬ 
low 1.0 mm/min [51]. Above 1.0 mm/min, the bond strengths increased showing 
strain rate sensitivity of the bonded interface. Their study implied that crosshead 
speeds of 0.5 to 1.0 mm/min should be preferred for shear bond strength testing. In 
a more recent study in which a large range of crosshead speeds were tested, Yam- 
aguchi et al. [52] showed that the influence of the crosshead speed was essentially 
negligible when measuring microtensile bond strengths. The microtensile bond 
strength studies with SEB showed greater bond strength when tested at 1.0 mm/min 
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(48.8 MPa; n — 14) than when tested at 0.5 mm/min (39.5 MPa; n — 5). The shear 
bond strengths were also somewhat higher in one study when tested at 5.0 mm/min 
(26.4 MPa) as compared with 1.0 mm/min (22.5 MPa; n — 6) and 0.5 mm/min 
(17.7 MPa; n = 2). Thus, it appears that loading rate may have an effect on bond 
strength results and, therefore, it is important to report this test variable. 

3.11. Handling of Pre-test Failures 

Another consideration when using the microtensile test method is how one handles 
the specimens that fail before ever being tested. Due to the small size and fragility of 
the specimens, this may not be an uncommon occurrence when using this method. 
Some studies do not describe how they treat these pre-test failures. Others include 
the failures with a value of zero. Others delete the failures and consider them as 
missing data. The studies examining SEB that included pre-test failures as zeros 
showed slightly higher bond strength (54.1 MPa; n — 5 studies) compared to those 
that considered the failures as missing data (44.3 MPa; n — 4 studies). Perhaps of 
greater interest is the coefficient of variation for the two conditions. Studies that 
included the pre-test failures as zeros had an average variation of 29.6%, while the 
studies that considered these specimens as missing data had a much lower average 
variation of 10.5%. Thus, while there is no generally accepted approach for treating 
these pre-test failures in microtensile bond strength tests, one can expect that lower 
variation in the data set will be obtained if one omits these specimens from the 
analysis. However, when a significant proportion of the specimens undergo pre-test 
failure, deleting these data does not seem to be prudent and likely gives one a false 
sense of security in terms of the adhesion of the particular material, or the quality 
of the preparation and handling. 

3.12. Additional Factors of Interest 

An additional variable in bond strength studies is the type of material and the di¬ 
mensions of the composite ‘button’ that is bonded to the dentin substrate with the 
adhesive system. A survey of studies involving SEB show that a variety of dental 
resin composites are used in shear and microtensile tests, with no particular one 
seemingly preferred. More than likely the choice is one of convenience. However, 
it should be noted that in almost all cases, the composite is a hybrid or microhybrid 
type and not a microfill. This is important since it means that the elastic modulus 
of the composite ‘button’ material, which could affect bond strength as discussed 
in Part 1, is not likely to vary as much from study to study as it would if microfills 
were used. 

Other issues related to the composite are the height of the button, and the total 
energy used for light-curing. One could imagine that an undercured button could 
affect the results of the study. In shear bond strength studies on SEB, more often 
than not the height of the button was not specified. When the height was discussed, 
it was almost always set at 2 mm tall. For the microtensile test studies, the height 
is nearly always specified and varies between 4 mm (44.0 MPa; n = 2 studies), 
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5 mm (47.3 MPa; n — 6 studies) and 6 mm (48.9 MPa; n—9 studies), with little 
difference between the results. The total energy used to cure the composite, which is 
typically performed in increments, varies from 12 to 30 kJ/cm 2 . There appears to be 
no correlation between the amount of energy used to cure each increment made to 
build up the button and the bond strength, suggesting that in these studies, sufficient 
curing energy was always used to provide adequate curing of the composite. 


4. Part 3: Review of Outcomes of Studies Including Common Materials 

It is always tempting to review literature generated with disparate test protocols and 
arrive at consensus statements regarding comparing materials or other factors. This 
approach may be ill-advised, as the first two parts of this manuscript point out, un¬ 
less a detailed examination of the individual reports is undertaken. Based on the vast 
amount of literature in this field, this is a very daunting task. An attempt is made 
here to demonstrate the extent to which general statements can be made by focus¬ 
ing only on a portion of the literature. The literature was searched in PubMed for 
studies published between 2003 and 2008 on evaluating the dentin bond strengths 
of four specific adhesives. The four adhesives represented a three-part etch and 
rinse system (Optibond FL [OBFL], Kerr, Orange, CA, USA), a two-part etch and 
rinse system (Prime and Bond NT [PBNT], Caulk/Dentsply, Milford, DE, USA), 
a two-part self-etch system (Clearfil SE Bond [SEB], Kuraray, Tokyo, Japan), and 
a one-part self-etch system (Prompt [PLP], 3M ESPE, Seefeld, Germany). These 
adhesives were chosen based primarily on their frequency of appearance in the liter¬ 
ature. For a study to be included, it had to include Clearfil SE Bond and at least one 
of the other three adhesives. Studies of shear and microtensile bond strengths were 
included, as these were by far the most popular test methods. Separate spreadsheets 
containing study results and entries for the important variables identified in Part 2, 
as well as others, were assembled for microtensile and shear tests. Twenty-one ar¬ 
ticles reported using the microtensile test to evaluate the bond to human dentin [27, 
28, 37, 62-79], and nine reported the shear test to evaluate the bond to human or 
bovine dentin [53-61]. Bovine dentin was included based on the expected equiva¬ 
lency of the two substrates and because there were fewer overall reports employing 
shear tests. 

A comparison of the four adhesives based on the results from the multiple stud¬ 
ies shows that the mean microtensile bond strengths ranged from 22.5 to 53.75, 
with the one-component self-etch system (PLP) having the lowest bond strength, 
followed by a nearly 50% greater bond strength for the two-component etch and 
rinse system (PBNT), and then the two-component self-etch system (SEB), and fi¬ 
nally the three-part etch and rinse system (OPFL) had the highest bond strength 
(Fig. 3). This result is similar to that reported by DeMunck et al. [19] for a variety 
of adhesives in these categories when tested in their laboratory. The results from 
the shear bond strength tests on these same four adhesives show the same relative 
order (Fig. 4), but the calculated average values are typically about twice as high 
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Microtensile bond strength 
7° n- 



PLP PBNT SEB OBFL 


Figure 3. Microtensile bond strength (MPa, ± 1 s.d.) of four dental adhesives to human dentin obtained 
by simply averaging results from multiple studies: SEB (range from 21 studies was 20.4—74.9 MPa), 
PLP (range from 13 studies was 6.2-51.6 MPa), PBNT (range from 9 studies was 20.5-56.3 MPa), 
OBFL (range from 7 studies was 43.4-63.0 MPa). 


Shear bond strength 



Figure 4. Shear bond strength (MPa, ±1 s.d.) of four dental adhesives to human or bovine 
dentin obtained by simply averaging results from multiple studies: SEB (range from 9 studies was 
15.9-39.0 MPa), PLP (range from 8 studies was 6.2-20.1 MPa), PBNT (range from 3 studies was 
15.1-22.8 MPa), OBFL (1 study, thus no s.d.). 

when tested in the microtensile mode. This difference was anticipated based on 
the smaller cross-sectional area typically used in the microtensile test, as well as 
the more homogeneous stress distribution and lower stress. Both of these factors 
would contribute to the observed results, because smaller samples imply smaller 
flaw sizes, and a more homogeneous stress distribution would make it less likely to 
experience premature failures. 


5. Conclusion 

Both shear and tensile tests, as well as so-called ‘micro’ versions of these tests us¬ 
ing smaller specimen bonding areas, are popular for testing adhesive strengths of 
materials to tooth surfaces. In general, values obtained from the ‘micro’ tests are 
typically higher than those from the ‘standard’ shear and tensile tests. It is noted 
that there is no ideal test method, and it is recognized that researchers will choose 
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a specific test protocol based on their expertise, available facilities, as well as their 
specific needs in terms of the type of data required. This paper has identified many 
of the important issues in bond strength testing to teeth and has emphasized the 
importance of explaining and describing the test variables that may affect the out¬ 
comes, such as the surface preparation and moisture condition of the substrate, the 
specimen storage conditions, the area of the bonded interface, the specific nature of 
the test fixtures, the specimen fixation method, the loading rate, and the method for 
handling pre-test failures. It is important that regardless of the method chosen, the 
researcher should be familiar with its strengths and limitations. 
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Abstract 

Through the years, numerous articles dealing with dental adhesives have been published in the dental litera¬ 
ture. A critical comparison of such articles reveals large differences in measured values, differences that not 
only seem to be between products, but also between different research groups. Because of these differences, 
the objective of this paper was to critically review some fundamental aspects of adhesion, and relate those 
aspects to dental adhesive studies. The outcome of that review was not very encouraging, because research, 
particularly in fields such as mechanical engineering and physics, does not support the notion of an overall 
adhesive strength value as we usually define in dentistry. Instead, adhesive studies should approach the prob¬ 
lem from a fracture mechanics point of view rather than from an overall strength point of view. This review 
reveals that it is time to abandon traditional strength testing and move toward an increased use of fracture 
toughness tests and fatigue tests. Having said that, it is also important to realize and accept that as long as 
we do not have strong evidences correlating clinical success with any particular adhesive test method, in 
vitro tests should not be used as predictors of clinical performance. Only when we have reliable correlations 
between in vitro test results and clinical performance such methods will have any practical meaning. 

Keywords 

Fracture mechanics, failure modes, fracture energy, surface energy, work of adhesion 


1. Introduction 

The need to attach different materials to tooth structures is as old as man’s ability to 
make dental reconstructions. One of the first known dental adhesives was invented 
by the Maya Indians in pre-Columbian time and used for attaching semi-precious 
stones to cavities drilled on labial surfaces of anterior teeth [1]. That cement con¬ 
sisted of a mixture of bone powder and acidic fruit juices. Before setting, the acidic 
cement etched both tooth and stone in contact with the cement, and during setting, 
cement crystals grew into the etched surface irregularities and provided microme¬ 
chanical retention for the inlay. 
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Zinc phosphate cement, first introduced around 1850 and still commonly used, 
consists of a mixture of zinc oxide and phosphoric acid. Also this cement, like the 
one invented by the Maya Indians, etches the surfaces in contact with the acidic ce¬ 
ment and forms zinc phosphate crystals, contributing to micromechanical retention. 
However, whether the retention is purely micromechanical can be questioned. Cal¬ 
cium ions from the tooth are likely to diffuse into the acid and react with phosphate 
ions and precipitate as calcium phosphate. Some phosphate ions from the acid and 
zinc ions from the zinc oxide powder should also be able to diffuse into the tooth 
surface and react with calcium and phosphate ions present on the tooth surface. 
Consequently, some form of chemical bonding should also be present in addition to 
the mechanical bond. The assumption that we are dealing with a mechanical bond 
only is more likely related to the brittle nature of the zinc phosphate cement. If a 
crack starts growing in a brittle material such as zinc phosphate cement, it easily 
propagates through the brittle cement and the brittle interface causing debonding of 
the restoration, and gives the impression that the bond is not of chemical nature. 

As time passed, more sophisticated dental cements and dental adhesives evolved. 
Today, the most popular adhesives consist of different resins capable of bonding to 
tooth surfaces and restorative materials. Some of these adhesive resins are not acidic 
and require that the tooth surface is pre-etched, while acidic monomer systems can 
etch the tooth surface by themselves [2], Even though major improvements in adhe¬ 
sive resin systems have occurred during the past 10-20 years, these adhesives may 
still debond when subjected to clinical loads. 

Debonding can result in clinical problems such as restoration loss, which re¬ 
sults in loss, inhalation or swallowing of the dislodged restoration. To avoid such 
problems, there is a need to determine the reliability of an adhesive before it is intro¬ 
duced on the market. Such determinations are usually done in vitro with different 
adhesive tests. According to some of these laboratory tests, the adhesive strength 
can be quite high. In fact, in some cases the test failures occur in the dentin or 
the composite rather than in the adhesive [3]. Despite these claims, the adhesion in 
vivo between restoration and dentin is generally insufficient when compared to the 
strength of the dentin and the composite material. If clinical bonding was as good as 
some in vitro results imply, dentin adhering to the restoration after clinical failures 
would be relatively common. However, such findings are very rare if they exist. 

1.1. In Vitro vs Clinical Performance 

During the past 20 years, questions have been raised whether test methods used have 
any clinical relevance and if they even measure true adhesive strength [4]. Most 
adhesive tests used in dentistry determine tensile or shear strength values. During 
such tests a bonded composite specimen is dislodged at a certain force, and the 
strength is determined by dividing the dislodging force with the size of the initially 
bonded area. A shortcoming with such tests is that the failure is initiated locally, 
and that a localized stress level is introduced in the failing region. The localized 
stress level is often several t imes higher than the overall stress level determined 
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by dividing the force at failure by the surface on which the force has acted. Thus, 
the failure occurs at a stress level significantly higher than the overall stress levels 
usually reported in the literature. 

Another explanation for poor correlations between test results and clinical per¬ 
formance is that in vitro testing usually neglects important clinical realities [5]. For 
example, the substrate used during in vitro testing may not represent the substrate 
used clinically [6]. Both enamel and dentin are anisotropic biological materials and 
have different properties at different locations. Differences in orientations of enamel 
rods and dentinal tubules, including their variation in branching of the tubules at 
different locations explain some of these variations [7, 8]. The mineralization level 
among teeth differs too, depending on the age of the tooth and where the tooth 
was mineralized [9]. Besides, bond tests are usually performed on intact caries- 
free, young teeth, while clinical bonding is usually performed on teeth that have 
been exposed to caries or excessive erosion or tooth brushing before the bonding 
procedure is performed. 

Furthermore, dentists performing clinical bonding procedures in situ may not do 
the bonding procedure in the same ways as in vitro bonding. For example, in cl in ical 
situations, the risk for saliva contamination is a real concern, while in most in vitro 
situations, saliva is not present. Also, the geometry of cavities treated clinically may 
differ from the geometry used during in vitro testing. 

In vitro testing procedures can be standardized, at least to some degree, and data 
generated between different testing sites can be used for comparison. Unfortunately, 
even though significant attempts have been made to standardize in vitro testing, it 
is well known that large variations still exist among different laboratories [10-12]. 
These variations can be related to differences in testing protocols, selection of teeth 
(tooth location, patient age, structure and composition of tested tooth), tooth prepa¬ 
ration and in bonding technique. In other words, results presented from bond tests 
should not be regarded as true, reproducible values. They should only be regarded 
as a rough estimate of a property we need to understand better. 

1.2. The Adhesive Joint 

The complex nature of a dentin adhesive joint is shown in Fig. 1. Dentin is a tissue 
through which dentin tubules extend from the pulp to the dentin. Depending on the 
direction in which the dentin surface has been cut, the orientation of the tubules 
in relation to the cut surface may differ from perpendicular to parallel orientation. 
In clinical situations, these tubules in newly erupted teeth are filled by water and 
organic components, dentinal fluids and protoplasmic extensions from the odon¬ 
toblasts. As a consequence, a cut dentin surface will contain a certain amount of 
moisture and will require that a hydrophilic resin system is used to wet the moist 
dentin surface. The process is more complex than just wetting the dentin surface in 
vitro. The dentin surface also needs to be cleaned before the adhesive is placed on 
the dentin surface. During dentin cutting, a so-called ‘smear layer’ is formed and 
it covers the entire cut surface. The smear layer consists of a mixture of hydrox- 
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Figure 1. Schematic drawing of a dentin bonded composite. During bonding, hydrophilic monomers 
can enter the tubules and migrate into side branches of the tubules, and thereby form good mechanical 
interlocking. The hydrophilic monomer also infiltrates the exposed collagen layer where it forms 
mechanical retention. 

yapatite crystals embedded in a fluid/organic layer consisting of water, saliva and 
dentin liquor, and collagen. The smear layer may partly seal the dentinal tubules 
and decrease the moisture flow through the tubules, which could be an advantage. 
However, because the smear layer is weak and poorly attached to the dentin surface, 
it is not capable of forming a stable support for the adhesive. Therefore, to avoid 
the negative effects of the smear layer, it is removed by etching the dentin surface 
with either an inorganic acid, usually 30-40% phosphoric acid, or an acidic resin 
primer. During this step, the dentin surface is demineralized, leaving an exposed 
collagen network attached to the remaining mineralized dentin. The thickness of 
the collagen layer will vary depending on the degree of demineralization of the 
dentin. By leaving the exposed collagen film moist after the etching procedure, 
the collagen fibers can be prevented from collapsing, thereby making it easier for 
the hydrophilic primer to infiltrate the collagen network and some of the tubules. 
On the other hand, desiccation may result in a collapse and gelling of the collagen, 
which, in turn, significantly limits the diffusion of the primer into the collagen web 
and reaching the mineralized dentin surface. 

The infiltrated collagen/tooth surface is referred to as the hybrid layer [13-15]. 
After the collagen layer has been infiltrated with the primer, solvent and water are 
removed from the hybrid layer by air drying. The priming and air drying steps are 
crucial steps, because the moisture/solvent level of the hybrid layer affects both the 
polymerization of the hybrid layer as well as the usually hydrophobic adhesive resin 
placed on top of the hybrid layer [16]. The adhesive layer and the hybrid layer are 
cured after the adhesive resin has been placed on the primed surface. The composite 
restorative material is then placed and cured. 

1.3. Objective of the Paper 

Dentin bonding is no doubt a challenge in dentistry. Research data vary consider¬ 
ably between researchers. Because of these variations in adhesive test results, the 
objective of this paper is to critically look at different adhesive test methods and 
identify advantages and drawbacks of different methods. Prior to a discussion of 
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Figure 2. Drawings of possible failures of the adhesive joint. Failures (A) and (B) represent cohesive 
failures in the adhesive, failure (C) an interfacial failure, failures (D) and (E) mixed failures, while 
failure (F) represents a combined cohesive failure of the adhesive and the adherend. Of these failures, 
failures like failure (F) should not be considered in analysis of adhesive joints. 


test methods, the different types of failures of an adhesive joint identified during 
adhesive testing will be discussed (Fig. 2), and these failures will be related to the 
failure mechanism of an adhesive joint. 


2. Failure of the Adhesive Joint 

An adhesive joint can fail at different locations. Researchers define failure in the ad¬ 
hesive region differently but use often similar terms, which causes some confusion. 
To avoid confusion, we first need to define the term adhesive joint (Fig. 2). 

An adhesive joint consists of an adhesive and the adherend(s) to which the ad¬ 
hesive is bonded. When a failure occurs, it occurs either in the adhesive, at the 
adherend/adhesive interface, or in the adherend. Of these locations, failure in the 
adherend is not true adhesion failure. It is just failure of the adherend. Numerous 
dental adhesive studies include failure in the adherend and define it as cohesive fail¬ 
ure. Rather than including such failures in the results, the results for such specimens 
should have been reported but excluded from the adhesive test results before data 
analysis. 

So-called cohesive/adhesion failures are more complicated than pure adherend 
failure. In order to include such failures in the analysis of results, the fracture should 
only be located in the adhesive material or at the adhesive/adherend interface, thus 
making the inclusion of such failures questionable when it comes to data analysis. 

The complexity of determining failure mode during dentin bond testing can be 
illustrated by a failure through the hybrid layer. In this case, a cohesive failure 
occurs through the collagen fibers as the crack propagates through the hybrid layer. 
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The initiation of the failure has not been determined. If the failure is caused by 
weak collagen fibers, then the failure in the hybrid layer is more a matter of material 
failure of the collagen rather than of the adhesive. Such effect can be decreased by 
increasing the cohesive strength of the adhesive rather than improving its adhesive 
strength. 

True adhesion failures should ideally be restricted to interfaces between adhe¬ 
sives and adherends, while in reality they often include all the material(s) and 
adhesive/adherend interfaces. It is sometimes difficult to precisely identify the fail¬ 
ure location, but adhesion failures should be limited to the regions located between 
interfaces of the adherends. Based on such a restriction, the failures that should be 
included in adhesive testing are listed below. 

Cohesive fracture: A true cohesive failure of an adhesive causes the failure to 
propagate through the bulk polymer of the adhesive or the hybrid layer. In this 
case, the surfaces of the two adherends will be covered with a film of the adhesive. 
The location of the crack may be either in the center of the adhesive, between the 
adhesive and the hybrid layer, or within the hybrid layer. The fracture should not 
expose the adherend surface. A good adhesive is an adhesive that fails cohesively 
during fracture. In such a case the weakness of the adhesive is the strength of the 
adhesive rather than its ability to form a strong bond to the adherend. 

Interfacial fracture: A fracture between the adhesive and the adherend is called 
interfacial fracture. The occurrence of interfacial fracture for a given adhesive is 
usually associated with low fracture toughness. Usually, interfacial fractures are de¬ 
tected by visual inspection, but advanced surface characterization techniques makes 
it possible to identify the precise location of the crack path at the interface. 

Other types of fracture: Fracture modes may include the mixed fracture type and 
the alternating crack path. A ‘mixed’ fracture type occurs if the crack propagates 
at some locations in a ‘cohesive’ and in others in an ‘interfacial’ failure mode. The 
‘alternating crack path’ fracture type occurs if the crack occurs at one interface 
and then moves over to the other adhesive/adherend interface. This type of fracture 
appears in the presence of tensile pre-stresses in the adhesive layer. 

In addition to the above modes, fracture can occur in the adherend provided the 
adhesive is tougher than the adherend. In such a case the adhesive remains intact 
and bonded to one substrate and with some remnants on the other substrate. An¬ 
other type of failure that should not be called adhesion failure is when the crack 
propagates from the adhesive region into one of the adherends. Under these condi¬ 
tions, the fracture has found a path that provides less resistance than the adhesive 
or the adhesive/adherend interfaces. 

3. What is Adhesion? 

A cohesive failure is by definition a failure within a material, while an adhesion 
failure is a failure between different materials at their interface. It is important to 
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make this distinction. This distinction helps us to focus on improving the cohesive 
strength or the adhesion strength of an adhesive. 

Materials placed in molecular contact develop bonds as a result of van der Waals 
force interactions between molecules [17, 18]. By separating van der Waals bonded 
surfaces, or by introducing a contamination between the two surfaces, van der Waals 
force interactions drop off rapidly. This could very well be one of many explana¬ 
tions for the poor correlation between in vitro results and in vivo performance of 
dentin adhesives [5]. 

One way of improving adhesion may be to roughen the surface of the ad- 
herend and increase the interaction between the molecules of the adhesive and 
the adherend. The micromechanical retention also improves as a result of surface 
roughening. By avoiding shrinkage of the adhesive during setting, the risk of ad- 
hesive/adherend separation will decrease and thereby adhesion will be promoted. 
Other possible approaches to enhance adhesion is to increase the shock absorbing 
ability of the adhesive joint, or perform some surface treatment of the involved sur¬ 
faces to decrease environmental degradation of these surfaces. 

Assume that enamel and dentin adhesives form relatively thin films (<100 pm) 
between cusps and composite restorations, and that the bonded cusps are exposed to 
forces trying to separate the cusps from the composite restorations. The general as¬ 
sumption is that composite restorations are retained to the surrounding tooth tissue 
through micromechanical retention to either acid etched enamel or to resin infil¬ 
trated hybrid layers of dentin. More neglected are the van der Waals forces acting 
between the adhesive and the enamel and between the adhesive and the dentin sur¬ 
face. Thus, the adhesion relies on both mechanical interlocking and weak molecular 
interactions. 

Based on dipole interactions, Hamaker [19] could determine the level of attrac¬ 
tive forces at surfaces of different geometries. From these relationships it became 
clear that adhesion forces are always connected with an adhesion energy. Hamak- 
er’s calculations revealed that this energy decreases very quickly as the adhering 
surfaces are separated. His calculations can also explain why a tensile test on an 
adhesive joint is not very reliable. During such a test, due to Poisson’s ratio, the 
cross-sectional area of the joint becomes smaller than the adherends when the mod¬ 
ulus of elasticity of the adhesive film is smaller than that of the adherends. As a 
consequence, the localized stress level in the periphery of the adhesive increases 
drastically and cracks start forming at the periphery of the adhesive joint. These 
cracks propagate from their initiation sites and increase the distance between the 
two surfaces located in the peripheral regions. The increased distance between these 
two surfaces results in a significant decrease in van der Waals force interaction in 
this region, and in an increased stress concentration at the formed crack tips, which 
triggers a failure. Since the stress level becomes substantially higher at the crack 
tips than the value determined by dividing the force at failure with the total cross- 
sectional area, the stress level causing the failure becomes significantly higher than 
such a strength value shows. As a consequence, traditional strength test becomes 
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rather meaningless, at least when it comes to determining the true strength value 

[ 20 , 21 ]. 

The true fracture strength value determined from the fracture mechanics can be 
expressed as: 

fff =(2£y/(7tco)) 1/2 , (1) 

where csf is the fracture strength in uniform tension, E the plain strain elastic mod¬ 
ulus, y the surface energy per unit area, and co the starter crack size [21, 22]. This 
expression reveals that both high elastic modulus and high surface energy of formed 
surfaces increase fracture strength, while larger flaw sizes decrease the strength. 
This expression explains in a nutshell why traditional strength values are difficult 
to reproduce. For example, differences in primer/adhesive/solvent concentrations 
would affect E and y, while differences in techniques may affect flaw size, co, 
introduced during the bonding procedure. 

The true fracture strength is difficult to determine if we do not know all the 
terms in equation (1). This problem, though, can be handled by considering energy 
rather than strength. A fracture energetic approach determines the ‘work of adhe¬ 
sion’ rather than the strength. Work of adhesion is the energy required to fracture a 
unit area of adhesive/adherend interface and is expressed as Joules per square me¬ 
ter. From theory we know that typical work of adhesion due to van der Waals forces 
is 0.07 J/m 2 , and that even the strongest chemical bonds would increase this value 
to only 5-10 J/m 2 [23]. The important concept with the energy approach is that it 
shows the energy needed to cause fracture is not very high when a flaw exceeding 
a critical size has been introduced, which also explains the observed brittleness of 
adhesive joints. 

When failure between a deflecting cusp and the composite occurs, it usually 
occurs in a brittle way through crack growth. A brittle failure suggests that the 
amount of energy needed to drive the fracture process is low. Brittleness implies that 
the material does not have the ability to plastically deform and redistribute localized 
stresses at the propagating crack tip. The localized stress level at the crack tip can 
become rather high and drives the propagating crack even though the overall force 
level on the cusp may not be high. The only restricting force preventing the crack to 
grow is the increased surface energy generated when a new surface forms as a result 
of crack growth. As long as the new surface energy is higher than the increased 
mechanical energy of the stressed joint, the crack will not propagate. It is only 
when the mechanical energy level of the stressed joint exceeds the surface energy of 
newly formed fracture surfaces, the crack will grow. Only when an energy balance 
occurs between the mechanical energy of the stressed joint and the increased surface 
energy of the growing crack, the crack growth will stop. 

For a very small flaw, i.e., the first formed flaw, the surface energy level is often 
higher than the mechanical energy, preventing the crack from propagating. In or¬ 
der to propagate, the flaw needs to exceed a critical flaw size, which happens when 
the localized stress level at the crack tip reaches such a high mechanical energy 
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level that the only way to balance energy is to increase the surface area of the flaw 
and thereby decrease the mechanical energy of the adhesive joint. Thus, the energy 
balance between mechanical energy and surface energy of a propagating crack in 
the adhesive joint explains why the force acting on the deflecting cusp may cause 
debonding. Such failure may be triggered by defects existing in the adhesive joint 
initially, introduced during the bonding process. In addition, molecules present in 
the oral environment may also interact with the existing and growing flaw surfaces, 
thereby decreasing the surface energy level of the flaws and facilitate crack propa¬ 
gation. 

Probably the easiest way of determining the work of adhesion is to use a peel 
test. Unfortunately, because of the properties of dental adhesives, peel tests are not 
easily used in dentistry because of the relatively brittle nature of dental adhesives. 
Therefore, other fracture mechanics approaches have to be used, approaches that 
will be discussed in the following section. However, before we proceed to that sec¬ 
tion, it is important to conclude that the key reason the regular strength tests are 
not reliable is simply that flaws exist or develop during an early step of the test. 
These flaws induce local stress concentrations, and when such local stress concen¬ 
trations develop, the concept of an overall strength determination becomes difficult 
to support. Instead, the science of fracture mechanics seems to be the right way 
to proceed, because this science has evolved to a level where we now can under¬ 
stand reasons for crack initiation and crack propagation in materials and predict the 
consequences [24], 

4. Strength or Toughness of the Adhesive Joint? 

According to a recent review by Heintze [5], the most common tests used to study 
the strength of dental adhesives are the shear bond test, followed by tensile and 
microtensile bond tests. According to his review of 1465 adhesive related articles 
identified on MEDLINE as of November 2006, 857 articles included shear bond 
testing, 324 included tensile bond testing, 197 microtensile bond testing, 55 fracture 
toughness testing, and 32 ‘push-out’ testing. Of these tests, the microtensile bond 
test had gained most in popularity during the past 5 years. Results generated from 
primarily shear and microtensile tests are commonly used when different products 
are being marketed, giving the reader the impression that a higher bond strength 
results in better clinical performance. 

Today, no agreement has been reached favoring a particular strength test method 
regarding its clinical correlation. Too many variables are involved in bond testing, 
and because of interactions between these variables, it is difficult or impossible 
to compare results from different studies. According to Leloup et al. [25], ex¬ 
pressed in descending order, the variables affecting bond testing include dentin 
depth, crosshead speed, sample storage time, maximum storage time, bonding area, 
tooth storage temperature, sample storage temperature, and composite stiffness. 
Difference among operators is also important to consider [26]. To illustrate how 
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difficult it is to interpret the bond strength of a particular product, a comparison of 
shear strength values revealed that in one study the shear bond strength of a specific 
product after 24 h was 18.1 MPa [27], in another study the value was 6.6 MPa [28], 
and in a third the value was 2.9 MPa [29]. 

The microtensile test is well known for its pretest failures occurring during 
sample preparation. These failures are most likely due to flaws introduced during 
sample cutting. By comparing different studies we find that these pretest failures 
can range from 0% [30] to 23% [31], but in some cases even as high as 89% [32]. 

Even when the same batches and seemingly the same experimental conditions are 
used, significant variations still exist among researchers within the same group [26]. 
Considering all these variations it seems fair to state that bond strength data gener¬ 
ated by different groups and individuals are far from reproducible [25, 33, 34]. The 
reason is that bond strength values neglect the true stress distribution [4] and that 
the results are highly affected by defects introduced during sample preparation [26]. 
There are also evidences suggesting that intra-tooth variability is greater than inter¬ 
tooth variability, at least when it comes to microtensile bond testing [35]. Therefore, 
and in order to obtain enough statistical reliability with mi crotensile bond strength 
testing, 6 extracted teeth have to be used, from which at least 7 beams per tooth can 
be measured [36]. Unfortunately, many of the published results from microtensile 
tests are flawed because the authors had not replicated the same bonding procedures 
on different teeth. 

Comparing in vivo bond strength results with in vitro bond strength values, it has 
been shown that microtensile bond strength of samples from Class II restorations 
placed in vivo is lower than if the restoration had been placed in vitro [37]. This find¬ 
ing is in contrast to the results obtained on composite cylinders bonded to molars in 
vivo and evaluated in shear after extraction. These in vivo bonded cylinders showed 
to have higher shear bond strength than cylinders bonded in vitro [38]. Whether 
these differences in findings are due to operator variability, defects introduced dur¬ 
ing extraction, defects introduced during final sample preparation, the structure of 
the substrate, or just reflect differences in testing methods are not known at the 
present time. 

Two concepts must be considered when evaluating dental adhesives. The first 
one is that traditional strength testing does not report the actual strength value at the 
propagating crack tip. This is important to realize, because it is the localized stress 
that drives the crack growth. The second one is that strength testing of dental ad¬ 
hesives does not generate reproducible results, because of large variations in dentin 
structure, modulus of elasticity, surface energies of generated fracture surfaces, and 
the introduction of flaws of different sizes during sample preparation and bonding. 
Thus, one should not expect that isolated strength testing results can be reliable 
predictions of the clinical performance of dental adhesives. 

Rather than using strength testing approaches, it seems reasonable to suggest 
that fracture mechanics approaches should be used instead and and by use of frac¬ 
ture mechanics the impact of crack formation and crack propagation on the clinical 
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behavior should be investigated. Neither micro-tensile nor shear bond testing use 
fracture mechanics to address the adhesive testing problem. However, when tensile 
and shear tests are compared, there is a distinct difference between these two meth¬ 
ods. This difference relates to how the force affects the opening mode of the joint. 
Even though it might seem that the failure occurs instantaneously over the entire 
bond area when the adhesive joint fails, the crack starts propagating from an edge 
and quickly propagates over the surface. Factors such as stress concentration at the 
crack tip and the speed with which energy stored in the stressed system recovers be¬ 
come the main factors of interest. Fracture mechanics tests, in contrast to strength 
tests, consider localized stress concentration factor, K, and the energy release rate, 
G. The benefit with such models is that the behavior of the adhesive layer itself can 
be neglected and only the adherends need to be considered. 

During a fracture mechanics analysis, the load is ideally kept constant during 
the testing procedure. To achieve a constant load condition for such a test, one will 
need to use an adhesive joint design that can produce a constant load condition. 
Such condition is achievable by combining proper material and geometric vari¬ 
ables. Unfortunately, this requirement often tends to result in samples that are more 
complex than those used for a regular strength test. In adhesively bonded structures, 
the global geometry and the loading conditions are kept constant by structural con¬ 
siderations, while the design procedure focuses on the ‘material properties’ of the 
adhesive, i.e., select a ‘good’ adhesive, and on local changes in the geometry. In¬ 
creased joint resistance is usually obtained by designing its geometry so that: 

(a) the bonded zone is large, 

(b) it is mainly loaded in mode II, 

(c) stable crack propagation will follow the appearance of a local failure. 

5. Testing the Fracture Resistance of the Adhesive 

A wide range of testing devices have been developed to determine the fracture re¬ 
sistance of bonded structures in pure mode I, pure mode II or in mixed mode III 
(Fig. 3). Most of these devices use beam type specimens. Some of the popular frac¬ 
ture resistance tests are briefly described below. 

The general clinical experience is that the adhesive properties of different adhe¬ 
sives may seem to be good initially, but over time some adhesives have retentive 
properties better than other products. From fracture mechanics it is known that 
adhesion energy varies with crack speed, temperature, shrinkage, and other experi¬ 
mental parameters. Crack speed is the dominant variable. It has been found that at 
slow rates of separating a crack, the work of adhesion corresponds to the van der 
Waals force level for a joint between polymer and glass, but as separation speed is 
increased the force at the crack tip increases considerably. Shrinkage of the adhe¬ 
sive is also important to consider, because fracture mechanics reveals that shrinkage 
always decreases the adhesion. From a practical point of view, a larger restoration 
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Figure 3. Modes of failure. Mode I (left drawing) is an opening or tensile mode where the loading 
is normal to the crack. This is what we expect when micro tensile bond testing is used. The drawing 
implies that as the initial flaw starts propagating, the cross-sectional area, where separation occurs, 
decreases. Mode II (central drawing) is a sliding or in-plane shear mode where the crack surfaces 
slide over one another in direction perpendicular to the leading edge of the crack. This is typically the 
mode for which the adhesive exhibits the higher resistance to fracture, and this is the typical failure 
mode when shear testing is used. Mode III (right drawing) is a tearing or antiplane shear mode. This 
mode can occur during both microtensile and shear bond testing, where usually it is unintentionally 
introduced. 

that shrinks more during polymerization than smaller restorations should therefore 
be associated with more devastating shrinkage effects than smaller restorations. An¬ 
other parameter that can differ considerably is surface roughening. The impact of 
surface roughening is less predictable, though, because roughening can have both 
positive and negative effects. 

It is very rare to find dentin adhering to a restoration that has come loose. When 
this happens, it is mainly connected with the fracture of a cusp. Since dentin frac¬ 
tures without an associated cusp fracture are rare clinically, one can assume that the 
adhesive bond to dentin is, in general, insufficient to cause dentin fracture. Thus, 
dentists should not rely on the adhesive material alone when it comes to retaining 
restorations. 

For a better understanding of dentin adhesion, more Kic (plain strain fracture 
toughness) determinations should be performed (Fig. 4(a)^4(j)), because the Ajc 
parameter represents an intrinsic material property that characterizes a material’s re¬ 
sistance to fracture. With a linear elastic fracture toughness test, both bond strength 
and inherent defects across the interface will be considered. The advantage with 
determining the plain strain fracture toughness of the interface is that the material’s 
ability to tolerate defects under known load conditions can be determined. However, 
it should be emphasized that with fracture toughness evaluations, there will still 
be relatively high coefficients of variation [39]. The advantage of using fracture 
toughness values is that these values are more related to unstable crack propaga¬ 
tion originating from a local flaw as opposed to generalized failure of a broad area 
which may contain regions of different bond integrity as is the case with a tensile 
bond strength test. However, even with fracture toughness measurements the coef¬ 
ficient of variation is still sufficiently high to raise questions about reproducibility. 
The variability in fracture toughness values is higher with dentin than with enamel, 
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(e) (f) 


Figure 4. (a) Polyethylene mold. A polyethylene disk is placed at the bottom of the smaller cylindrical 
shape to make it easier to remove the final specimen, (b) A dentin disk, 4 x 7 x 1.0 mm is bonded 
to a split mold and polished flat, (c) Composite is inserted into the space under the dentin disk and 
into the larger half-cylindrical space at the outer edge of the dentin disk, (d) A stainless steel sheet, 
0.1 mm thick and with a 60° angle is placed to expose an equal sided triangle of the dentin surface, 
(e) The exposed triangular dentin surface is coated with adhesive and cured, (f) The other half of the 
polyethylene mold is placed over the stainless steel sheet resting against the dentin disk. The mold is 
then filled with composite and cured. 
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(i) (j) 


Figure 4. (g) The two polyethylene mold parts are removed leaving a composite/dentin specimen 
with the stainless steel sheet, (h) After the stainless steel sheet has been removed, two holes are drilled 
through the specimen collar, (i) The specimen is attached to a tensile testing device and slowly loaded 
in tension, (j) At a certain load level, a crack starts propagating from the triangular edge located closest 
to the collar. The K\q value can then be determined from: K\q = P c T^/{T)(u;) 1 / 2 }, where P c = peak 
load at time of fracture, D = specimen diameter (in our case 4 mm), w = specimen length from end 
to load (in our case 7 mm), = minimum stress intensity factor. 


which may be related to larger differences in dentin composition. Thus, differences 
in dentin age and mineralization level play most likely significant roles in the final 
results. 

Provided flaws play a major role in the fracture process of the adhesive joint, 
a good correlation between defects around the margins of restorations and low clin¬ 
ical retention rate should be expected, but little proof exists in dentistry when it 
comes to such correlations. Heintze [5] tried to correlate bond strength with mi¬ 
croleakage, and bond strength with results from marginal gap analyses. Of all 
studies he reviewed, 80% revealed no correlation between marginal quality and 
bond strength. In this study, he also compared marginal quality with clinical out- 
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come, and found only 18% correlation. The conclusion that can be drawn is that 
gap studies do not correlate well with bond strength data. Fracture toughness values 
were not included, and the question remains whether there is any better correlation 
between clinical success and fracture toughness. 

The primary goal with dentin adhesive testing must be to predict clinical perfor¬ 
mance. Thus, such a test should consider flaws within the material and failure at the 
interface, while the impact of a geometric factor should be minimized [40]. If the 
goal is just to screen new adhesive systems or rank material performance against 
various parameters, a traditional strength test may be appropriate as long as one 
accepts that the strength value is a ranking value within a group of tests performed 
rather than a true strength value. However, if the goal is to determine an interfacial 
material property, such as crack growth resistance, linear elastic fracture mechanics 
is more appropriate. Armstrong et al. [41] have used plane-strain (chevron-notch) 
fracture toughness (ASTM El 304-89) to study the effect of removing collagen. The 
plain-strain fracture toughness for All-Bond 2 (Bisco Inc., Schaumburg, IL, USA) 
was 0.88 ± 0.24 MPa-m 1 / 2 while for dentin pretreated with NaOCl it was 0.73 ± 
0.24 MPa-m 1 / 2 . These results are similar to those published by Tam and Pilliar [42]. 

It is well documented that microtensile bond strength samples often fail in the 
adhering substrates [42], suggesting that a fracture toughness approach should 
be more appropriate for adhesion determination. In fracture toughness studies, 
Tam and Pilliar [43] showed that failures occurred within; (a) the smear layer, 
(b) a resin modified layer between the interdiffusion zone and the adhesive, (c) 
a well-infiltrated hybrid inter-diffusion zone, and (d) a non-infiltrated unsupported 
collagen layer. Smear layer failures (a-failures) occurred in areas without etch¬ 
ing, while b-failures occurred for desiccated teeth. The c-failures occurred when 
a weaker acid was used, while d-failures occurred as a result of a too extensive etch 
followed by incomplete resin diffusion. 

Fracture toughness determinations of dental adhesives have advantages and 
drawbacks. The drawbacks relate primarily to the use of biological materials and 
the fact that properties differ among such specimens. Another limitation is that teeth 
are relatively small and not always that easy to get hold of. These limitations make 
it difficult to make samples with proper shapes and evaluate a sufficiently large 
number of specimens. 

A goal when it comes to adhesion testing is to identify methods that can pre¬ 
dict the lifetime of a structure. These methods have been reviewed by Ritter [44, 
45], Such lifetime predictions rely on calculations involving Weibull strength pa¬ 
rameters and the crack-growth exponent. The reliability of such predictions is very 
dependent on the number of test specimens, and at least 50 specimens are recom¬ 
mended [46]. It becomes even more complicated when one considers that dentin 
(and bone) samples usually are too small to meet the requirements of linear elastic 
fracture mechanics and more complex non-linear methods are, therefore, required. 
By considering these aspects, fracture toughness tests may not be the ideal screen¬ 
ing tests for small samples such as teeth. 
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Rather than considering traditional fracture mechanics approaches only, fatigue 
testing should also be considered. Materials used in the oral environment are sub¬ 
jected to fatigue and may, therefore, fail [47]. Fatigue is a process involving nucle- 
ation, propagation, and coalescence of cracks. During cycling, one can plot the rate 
of crack growth per cycle (da/d N) where da represents a change in crack length 
per cycle (N) as a function of A K (change in stress intensity factor). By plotting 
such curves, three regions can be identified. The first region is relatively steep and 
represents rapid crack growth due to crack nucleation. The second region is less 
steep and represents cracks growing slower than initially, referred to as the subcriti- 
cal crack growth region. The third region is the steepest region and represents rapid 
crack propagation and coalescence just before failure. 

A fatigue testing approach was used when De Munck et al. [48] determined how 
the thickness of the adhesive layer affected adhesion. The reason they investigated 
this topic can be traced to a paper by Lloyd et al. [49] who claimed that the inter¬ 
face should be rigid rather than easy to deflect. Lloyd et aV s [49] claims have also 
been supported in fracture toughness determinations conducted by Tam and Pilliar 
[50]. However, a weakness with Tam and Pilliar’s [50] claims is that they did not 
really target the thickness of the adhesive resin. They rather targeted the rigidity of 
the interfacial region in general. In a later study, Tam et al. [51] showed that a more 
filled resin improved the fracture toughness values. The fracture toughness para¬ 
meter represents an intrinsic material property which is not dependent on specimen 
geometry, in contrast to conventional shear and tensile bond tests. Fracture tougness 
failures generally occur along the bonded interface. Thicker layers increase the fail¬ 
ure probability [52], Thinner layers may be more associated with complete oxygen 
inhibition. Independent of thickness, failures seem to occur between infiltrated layer 
and the adhesive layer [53], 

In De Munck et al.’s study [48], specimens were evaluated regarding microten- 
sile strength and microfatigue tests. The microtensile strength was not affected by 
adding an additional intermediate elastic layer, while such an addition significantly 
decreased the microrotary fatigue resistance. Whether this method is a more reliable 
predictor of clinical success than traditional strength testing or fracture mechanics 
approaches cannot be judged at the present time. Even though fatigue testing may 
not be better than fracture mechanics approaches, sample preparation and testing 
seems less complicated, suggesting that the method De Munck et al. [48] proposed 
may have the potential of being a test method that could replace the traditional 
strength test methods. 

6. Conclusion 

By critically reviewing the literature dealing with adhesive strength testing of den¬ 
tal, particularly dentin, adhesives, most tests have focused on strength determina¬ 
tion, despite the fact that these methods do not really measure what they claim to 
measure. Instead, the author finds it is better to perform fracture toughness de- 
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terminations. However, compared to strength determinations, fracture toughness 
determinations often require larger sample sizes and are also more complicated 
when it comes to sample preparation and testing. Since fatigue testing has the po¬ 
tential of being able to simulate fatigue processes occurring clinically, they should 
be evaluated more frequently. 

This review suggests that the time has come to abandon traditional strength tests 
that have until now dominated adhesive testing in dentistry, and move toward an 
increased use of fracture toughness tests as well as fatigue tests. At the same time, 
it is important to realize and accept that as long as we do not have strong evidences 
correlating clinical success with any particular adhesive test method, in vitro tests 
should not be used as predictors of clinical performance. Only when we have such 
correlations, the in vitro test methods will have a practical meaning. 
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Abstract 

This study investigated the shear bond strength (SBS) of various cements to zirconia ceramic. 

CoCr-cylinders were bonded to zirconia plates (20 mm x 10 mm x 2 mm; n = 8 per group) using four 
self-adhesive resin cements (one capsule, three hand-mixed) and four resin cements, partly in combination 
with a tribochemical/silane treatment. All cements were auto-polymerizing. The bonding areas were sand¬ 
blasted using 110 pm AI2O3. The shear bond strength was determined after 24 h, 30 days, 90 days of water 
storage (37°C) and after 12 000 thermal cycles. Statistical analysis was performed using one-way analysis 
of variance (ANOVA) and Bonferroni post hoc test (a = 0.05). 

After 24 h and after thermal cycling (TC) the lowest value of shear bond strength was found for the control 
Variolink without bonding pre-treatment (9.5 MPa/3.1 MPa) and the highest results were determined for 
Calibra with bonding pre-treatment (37.3 MPa/31.9 MPa). After 30 days and 90 days of storage in water the 
highest SBS values were found for RelyX (33.3 MPa/28.6 MPa), and again lowest values were determined 
for Variolink (8.8 MPa/9.1 MPa). After 90 days storage all samples of Maxcem failed. The groupwise 
comparison revealed significantly different SBS results between 90 days storage and the initial results after 
24 h (p = 0.003). No significant differences were found between the other storage conditions (p > 0.057). 
The systems without bonding pre-treatment provided significantly lower SBS in comparison to the self- 
adhesive systems and the systems with bonding pre-treatment (p = 0.000). 

Within the limitations of this study, three of four self-adhesive bonding systems provided bond strengths to 
zirconia, comparable to systems with additional bonding pre-treatment. The durability of the bonding resin 
and zirconia can only be judged after long-term water storage. 

Keywords 

Zirconia, bonding, self-adhesive, resin 


1. Introduction 

During the 1950s, standards for crown retention were described on the basis of ta¬ 
per, height and surface area [1]. Decreasing taper and increasing both the height 
and the surface area of the prepared tooth increased the retention of convention- 
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ally cemented crowns. Investigations from Palacios et al. [2] and Ernst et al. [3] 
evaluated the axial retention stress of low tapered (10° Palacios, 5° Ernst) abut¬ 
ments. The authors found that resin-modified glass ionomers retained experimental 
crowns as well as adhesive resin cements. It has been reported that the retentive 
values of adhesive resins at 24° taper were 20% higher than the retention values of 
conventional cements at 6°-taper [4]. The retention standards of tapers less than 10° 
cannot be fulfilled in all clinical cases and, therefore, adhesive bonding is promoted 
to safely lute a restoration if the mechanical retention is insufficient. In contrast 
to cast dentures, CAD/CAM restorations have a rough surface due to the manu¬ 
facturing process [5], which promotes additional micromechanical interlocking of 
the luting agent. Nevertheless, for the restoration of ceramic implant abutments, 
the standards of crown retention are often not optimized: the height of an abutment 
is often low, the surface area is small due to screw channels or small diameters 
and — depending on the implant insertion path — the angles of taper are high. 
Additionally, contamination during try-in may reduce the bond strength [6]. There¬ 
fore, the cementation of zirconia restorations on tooth, and especially on zirconia 
abutments/implants, may require special bonding techniques. In these cases, the 
chair-side treatment is more acceptable if the dentist abstains from expensive ce¬ 
ramic pre-treatments. 

Hydrofluoric acid etching does not work with zirconia surfaces because of lack of 
a glass phase. Some investigations describe roughening with sandblasting to achieve 
a resin-to-zirconia bond [5]. Good bonding qualities are described with these treat¬ 
ments [7, 8], but their application may also alter the state and phase of the zirconia 
surface and may damage the ceramic in the long term [9, 10]. Sandblasting may 
damage thinly designed crown margins and if it is applied in vivo, it may harm the 
gingival tissue or the implant body. 

It was demonstrated that silane can strengthen the bond between silica-based ce¬ 
ramic and resin cement [11, 12]. However, silanes in general fail to link the resin 
to oxide-ceramic like zirconia [13]. A sufficient bond between these components 
was demonstrated only for special silane coupling agents and after short-term wa¬ 
ter storage [12], but this bond failed with increasing storage time due to hydrolysis 
[8, 13, 14]. Other pre-treatment methods are plasma spray treatment, addition of 
low fusing porcelain layers [15], tribochemical silica coating (Rocatec, 3M Espe, 
Seefeld, Germany) [5,13], or the use of phosphate acid ester monomers [8,16]. The 
last was described to successfully bond resin to zirconia [13, 16]. However, Kern 
and Wegner emphasized that all these procedures can only be judged following pro¬ 
longed water storage in excess of 30 days [13]. Unfortunately, many investigations 
[8, 12, 14-16] only take thermal cycling and storage less than a week into con¬ 
sideration. Therefore, they were not able to show the impact of hydrolysis on the 
resin-to-zirconia bond. 

This study investigated different resin-to-zirconia bonding concepts after dif¬ 
ferent storage conditions. The aim was to find methods which are easy to use. 
Self-adhesive composite cements were compared with systems using silica coat- 
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ing pre-treatment or phosphate ester monomer pre-treatment. The hypothesis of 
this study was that there is a difference between the SBS values of sophisticated 
multi-step bonding systems and self-adhesive systems. 

2. Material and Methods 

2.1. Specimen Preparation 

320 plates were cut from a zirconia ceramic (Cercon Base, white colour; 93 wt% 
zirconium dioxide, 5 wt% yttrium oxide, >2 wt% hafnium dioxide, >1 wt% alu¬ 
minium trioxide and silicon oxide, DeguDent, Hanau, Germany). The specimens 
were ground flat using a trimming device (diamond ‘fine’ wheel; Reco GMT 5330, 
Ritter, Karlsruhe, Germany) without any lubricant and sintered for 6 h (1350°C) to 
their final dimensions (thickness 2 mm, length 20 mm, width 10 mm). The peak-to- 
valley surface roughness ( R A ) of all materials was determined for each sample using 
a profilometric contact surface measurement device (Perthometer S 6 P, Feinpriif- 
Perthen, Gottingen, Germany). The resulting surface roughness R d was 0.9 pm, 
which is comparable to the surface roughness after milling. 

A total of 320 cobalt-chromium (Dentitan; 69.5 wt% Co, 24 wt% Cr, 4.5 wt% 
Mo and 2 wt% Ti; Krupp, Essen, Germany) cylindrical specimens were cast (using 
Globocast HF3, Krupp, Essen, Germany). The specimens had a diameter of 5 mm 
and a height of 3 mm. The front sides of the cylinders were ground flat under water 
cooling using a grinding machine (Motopol, Buehler, Schaan, Liechtestein, AI 2 O 3 - 
grinding paper; grit: 800). The surface roughness R a after treatment was 1.2 pm. 

The zirconia specimens and the front sides of the CoCr cylinders were all air¬ 
borne particle abraded with 110 pm AI 2 O 3 for 10 s at 0.28 MPa. A punched tape 
was used to coat the zirconia specimens in order to restrict the working area to 
a diameter of 5 mm (bonding area: 19.6 mm 2 ). The CoCr surface was treated 
with a thiophosphoric methacrylate resin (Metal Primer, GC, Tokyo, Japan). Af¬ 
ter airborne particle treatment the surface roughness reduced to 1.1 pm (CoCr) and 
0.76 pm (zirconia). 

2.2. Application of the Luting Agents 

All resin cements (Table 1) were mixed and applied at room temperature under 
orange room light for preventing fight polymerisation and for guaranteeing auto¬ 
polymerization. A thin cement layer was placed onto the front side of the CoCr 
cylinder and then pressed onto the bonding area of the zirconia specimens. The 
cement was allowed to set under a constant weight of 1 kg for 5 min, the excess ce¬ 
ment was removed and the specimens were randomly assigned into four subgroups. 
A total of eight specimens per cement/group were investigated. Group 1 was stored 
for 24 h in distilled water at 37°C and group 2 underwent 12 000 thermal cycles in 
distilled water alternating between water baths maintained at 5°C and 55°C. The 
holding time in each bath was 2 min. The entire thermal cycling process lasted 
17 days. Group 3 and group 4 were stored for 30 and 90 days, respectively, in dis¬ 
tilled water maintained at 37°C. 
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Table 1. 

Resin cements and their application procedure on zirconia 


Resin cements 

Manufactu- 

Primer/no primer on zirconia 

Mixing 

procedure 

Linking agent 

Maxcem 

Multilink Sprint 

Kerr, 

Orange, 

CA, USA 

Ivoclar- 

Vivadent, 

Schaan, 

Liechtenstein 

No primer 

Self-mixing 

Phosphate- 

groups 

RelyX Unicem 
hand-mixed 

3M Espe, 
Seefeld, 

No primer 

Hand-mixing 
for 15 s 


RelyX Unicem 

Germany 

No primer 

Automatic 


RelyX Unicem 


Rocatec 13 s; Silane: Espe Sil 

mixing 15 s 

Silica coating 

Multilink 

Ivoclar- 

Vivadent, 

Adhesive agent (SR Link 1 ) al¬ 
lowed to dry 

Self-mixing 

Organophosphate 

groups 

Variolink II low 
viscosity 

Variolink II low 
viscosity 

Schaan, 

Liechtenstein 

Rocatec 13 s; Silane: Espe Sil 

No primer (CONTROL) 

Hand-mixing 
for 20 s 

Silica coating 

Calibra 

Dentsply, 

Konstanz, 

Germany 

Repeated application (2 x 40 s) 
of a mixture of Prime & Bond 
XP- and self-cure activator 
(SCA) 2 


Silane coupling 

Panavia F 

Kuraray, 
Osaka, Japan 

No primer 


MDP 


1 Ivoclar-Vivadent, Schaan, Liechtenstein. 

2 Dentsply, Konstanz, Germany. 


2.3. Shear Bond Strength Test 


Shear bond strength (SBS) was determined following ISO TR 11405. The speci¬ 
mens were fixed in a shear bond device, which allowed the loading die to strike 
the CoCr cylinder. The distance between chisel and alloy panel was 0.1 mm, for 
avoiding the cantilever effect on the adhesive surface. The universal testing ma¬ 
chine Zwick 1446 (Zwick, Ulm, Germany) pushed the die down at a crosshead 
speed of 1 mm/min. SBS was calculated using the formula: 


shear bond strength (MPa) = 


maximum force (N) 


bonding area (mm 2 ) 

The fracture mode was analysed using a reflected-light microscope (Stereoscan, 
Zeiss, Jena, Germany). A fracture was denoted ‘adhesional’ if more than 75% of the 
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zirconia surface (of the restricted area) was visible. A ‘cohesive’ fracture showed 
more than 75% of the surface covered with resin. All other cases were classified 
as ‘mixed fractures’. The means and standard errors of means were calculated, 
and statistical differences were determined using one-way analysis of variance 
(ANOVA/Bonferroni post hoc) at a level of significance of a = 0.05. 

3. Results 

After 24 h, the lowest values of shear bond strength were found for the control 
Variolink without bonding pre-treatment (9.5 MPa) and Variolink/Rocatec treat¬ 
ment (13.2 MPa). Highest results were determined for Calibra with bonding pre¬ 
treatment (37.3 MPa). Significant differences were found for the following combi¬ 
nations: RelyX/Rocatec, Multilink, RelyX hand-mixed and Calibra in comparison 
to Variolink (p < 0.028) and Calibra with Variol in k/Rocatec (p = 0.000). 

After thermal cycling (TC), a similar ranking of SBS was found: Calibra 
(31.9 MPa) provided highest result and lowest results were found for Vari¬ 
olink without bonding pre-treatment (3.1 MPa) and Variolink/Rocatec treatment 
(14.1 MPa). Variolink provided significantly (p < 0.023) lower results in compari¬ 
son to Maxcem, RelyX, RelyX hand-mixed, RelyX/Rocatec and Calibra. 

After 30 days of storage in water the highest SBS values were found for Re¬ 
lyX (33.3 MPa) and Calibra (28.2 MPa). Lowest value was obtained for Variolink 
(8.8 MPa). RelyX showed statistically significantly higher (p < 0.032) results than 
Panavia, Varioli nk and Mulitlink. For Calibra significantly higher (p = 0.020) re¬ 
sults were found in comparison to Vario li nk. 

After 90 days storage, the different systems provided SBS values between 
28.6 MPa (RelyX) and 9.1 MPa (Variolink), and no significant differences were 
found between Maxcem and Varioli nk (p = 0.031). All samples of Maxcem failed 
after 90 days storage. Detailed information about the SBS results is provided in 
Fig. 1. 

The groupwise comparison revealed significant SBS results only between 
90 days storage and the initial results after 24 h (p — 0.003). No significant differ¬ 
ences were found between the other storage conditions (p > 0.057). The systems 
without bonding pre-treatment provided significantly lower SBS values in com¬ 
parison to the self-adhesive systems and the systems with bonding pre-treatment 

(p = 0.000). 

With the exception of encapsulated RelyX, all samples failed at the ceramic but 
not on the alloy side. Cohesive fractures were only observed for RelyX. All other 
systems showed adhesional or mixed failure modes. 


4. Discussion 

The hypothesis of this study that there is a difference between the SBS values of 
sophisticated multi-step bonding systems and self-adhesive systems was found not 
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Figure 1. Shear bond strength (means, standard error of means, *: complete failure; Roc = Rocatec; 
cont = control; TC = thermal cycling). 


to be valid. Only one self-adhesive system provided insufficient bond strength after 
90 days storage. The results of the shear bond test cannot be transferred directly 
to the clinical situation, but this investigation allows for ranking and comparing 
different bonding concepts. The shear bond test may be affected by the bending 
of the individual components of the set-up (cylinder, coplanar plates, resin) under 
high shear forces [17]. Then the measured values represent the resistance of the 
single components against bending and not the shear bond strength itself. Therefore, 
cohalt-chro mi um (modulus of elasticity of about 200 GPa) was used instead of 
composite cylinders as described elsewhere [15, 18] in order to try to concentrate 
the stress in the bonding area. The present failure modes showed that the interface 
resin-to-alloy was stronger than the interface resin-to-zirconia. In contrast to other 
strength testing methods (e.g., tensile test), SBS is influenced by the roughness of 
the bonding area. The surface roughness which was achieved by the pre-treatment 
of the zirconia specimens in this study is comparable to results described in the 
literature (using 100-150 pm AI 2 O 3 ) [ 8 ]. 

Self-adhesive composite cements offer a simple luting procedure, because they 
allow a bond between resin and zirconia without additional primer application. 
Both types of RelyX Unicem, Multilink Sprint and Panavia F seem to fulfill this 
promise, because they simplify the luting procedure on the zirconia surface. These 
systems show stable SBS values under different conditions or at least sufficient 
values after 90 days of storage in water. The results may presumably be an effect 
of phosphate groups in the cement, which has been described earlier [7, 13, 16, 
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19]. Therefore, phosphate monomer-containing resin cements may be promising 
for long-term stability of the bond between zirconia and metal. Indeed, the low re¬ 
sults for Maxcem may allow to assume that phosphate components alone may not 
guarantee a sufficient bond to zirconia. Furthermore, the results show that the bond 
strength is strongly material-dependent. Even both types of Unicem (hand-mixed 
and capsule) show different bond strengths, which may be attributed to different 
compositions. 

This study indicated that the different bonding systems have different sensitivity 
to hydrolysis. Some systems showed a strong (Panavia, RelyX hand-mixed or Mul¬ 
tilink) or even drastic (Calibra) reduction of SBS compared to the results after 24 h, 
but remained on a good, or at least sufficient, bonding level. This is in agreement 
with other studies [13, 19]. Astonishingly, one self-adhesive system totally failed 
after 90 days of water storage. The type of polymerisation has a strong influence 
on the material properties: in self-curing mode, flexural strength and the modulus 
of elasticity cannot develop to such a high degree as compared to the dual-curing 
mode. The drop of bond strength might be attributed to hydrolytic degradation 
especially in combination with the low pH ~4, which is achieved 24 h after self¬ 
curing [20]. 

Sandblasting of zirconia results in a remarkable initial SBS to a dual-curing com¬ 
posite like Variolink. Sandblasting may activate and modify the zirconia surface, 
but sandblasting effects may not be stable and SBS may be reduced after long-term 
storage in water [9, 10]. The addition of a silane coupling agent does not enhance 
the bond strength in the long-term. The initially high SBS of Calibra with silane 
was not durable. This indicates that the silane coupling agent used did not bond to 
zirconia in contrast to silica-based ceramics. These results agree with other investi¬ 
gations [21] where sufficient bond strength values were reported only with special 
silane agents [12], 

The tribochemical treatment provided no advantages in combination with the 
self-adhesive cement RelyX and only some minor advantages when it was com¬ 
bined with the resin cement Variolink. These results may be explained by the 
hard/inert zirconia surface and support earlier investigations, where tribochemi¬ 
cal treatment did not enhance bond strength [3] or even did not result in durable 
bonding [13]. A similar result is reported on alloys, where silica coating works 
more successfully with softer alloys than with harder ones [22], In contrast to 
these results, Atsu and co-workers [18] recommend tribochemical treatment to 
increase the adhesive resin bond strength to zirconium oxide ceramic. These in¬ 
vestigations were performed only after 24 h storage in water, without considering 
the long-term hydrolysis. Some authors even reported that an auto-polymerizing 
resin cement exhibited high bond strength regardless of the surface treatment such 
as silica coating, airborne particle abrasion, HF etching or grinding with a diamond 
bur [21], 
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5. Conclusions 

Overall, within the limitations (e.g., testing methodology and number of cements) 
of this study, the systems with additional process steps are not superior to the simple 
self-adhesive methods and, therefore, the hypothesis stated in the Introduction is not 
found to be valid. Some self-adhesive bonding systems can successfully bond to zir- 
conia. The use of resin cements without bonding pre-treatment should be avoided. 
The durability of the bonding between a resin and zirconia can only be judged after 
long-term water storage. 
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